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ABSTRACT 
Erosion and subsidence threaten coastal infrastructure and natural habitats throughout the 
coastal United States, and this threat is especially significant along the Louisiana coastline since 
wetland clays are generally weak and highly compressible.  Hydraulic pumping of dredged 
sediment is a common method for combating damage caused by erosion and subsidence, but the 
high water content slurry deposited is very compressible with low shear strength.  Although 
conventional soil amendments are effective for reducing compressibility and increasing shear 
strength, these stabilizers are often caustic or toxic, making them too risky to use.  Exopolymers, 
however, have the potential to improve sediment stability without the environmental risks of 
typical soil stabilizers. 
Exopolymers are high molecular weight polysaccharides produced by soil 
microorganisms.  While there have been some studies that correlate soil exopolymer content with 
improved erosional resistance, there has been no work that measures changes in compressibility 
and shear strength and relates these changes to Stress History And Normalized Soil Engineering 
Properties (SHANSEP) models.  This dissertation describes methods for using two exopolymer 
analogues, guar gum and xanthan gum, to change the properties of a pure kaolinite.   
Changes in the compressibility of biopolymer and kaolinite mixtures were measured 
using 1D consolidation and triaxial tests.  Also, modifications of shear strength were measured 
using direct shear and triaxial tests.  Results from these tests were used to develop SHANSEP 
and empirical models.   
The statistically strongest empirical model demonstrated that guar gum produces a 19% 
mean increase in the inverse of compressibility with a 3% standard deviation at the optimum 
concentration.  It also produces a 9.6% mean increase in undrained shear strength with a 5% 
xi 
   
standard deviation.  Further, cohesive strength meter (CSM) tests showed that guar gum can 
increase erosional resistance by nine times over the kaolinite on its own.  
Speculative mechanisms were proposed to aid in interpretation of liquid limit, CSM, 1D 
consolidation, direct shear, and triaxial test results and to guide future research.  This study seeks 
to advance the understanding needed to develop biological methods of sediment stabilization.  It 
also specifically demonstrates the potential of guar gum amendment for possible use in 
hydraulically pumped dredged sediment. 
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CHAPTER 1.  INTRODUCTION 
Interest has been growing in investigating the influence of soil biota on engineering 
properties of soils and in exploring biological processes for soil treatment and improvement, 
such as biocementation and bioclogging (Ivanov and Chu 2008; Mitchell and Santamarina 2005).  
The wide occurrence of microorganisms in soil environments has been well recognized.  An 
important product formed by micro-communities of bacteria, or biofilms, is exopolymers, or 
extracellular polymeric substances (EPS) (Sutherland 2001), which are exuded by 
microorganisms for protection and to make the environment more hospitable for the micro-
community (Maier et al. 2000).  Most exopolymers are high molecular weight polysaccharides 
containing chemically active groups with electrical charges (Sutherland 2001), and hence they 
interact very actively with soil particles, particularly clay minerals.  Therefore, it is expected that 
exopolymers affect soil behavior and engineering properties in a variety of ways.  Specifically, 
these exopolymers should improve the stiffness and shear strength of a clay to reduce damage 
due to erosion and subsidence. 
Every 24 minutes, the state of Louisiana loses one acre of land due to erosion (Fischetti 
2001).  Erosion refers to the gradual removal of particles from the soil surface by currents or 
flows (Plummer et al. 2003).  Of bridge failures between 1989 and 2000, 15.51% were caused by 
scouring of bridge foundations (Wardhana and Hadipriono 2003).  Additionally, both external 
and internal erosion, such as erosion from piping, can cause failures of river banks, levees, and 
dams, and this threatens coastal infrastructure throughout the United States (Parker and Jenne 
1967; Sherard et al. 1972).   
Subsidence, the reduction in surface elevation due to soil consolidation, also threatens 
many estuaries in the United States.  Coastal wetlands and cities in Louisiana are especially 
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vulnerable, with subsidence reducing land elevation by 5-10 mm per year (Tornqvist et al. 2008).  
This loss of elevation is in addition to changes in sea level.   
One common engineering method for rapidly rebuilding wetlands lost through erosion 
and subsidence is hydraulic pumping of dredged sediment.  However, the high water content 
slurry deposited by dredging is very compressible with low shear strength.  This poor stability 
makes freshly deposited slurry susceptible to erosion and subsidence. 
Although there are many soil amendments that can reduce compressibility and improve 
shear strength, these soil stabilizers are often caustic or toxic.  Specifically, ASTM standard D 
6276 (ASTM 2006) states that Ca(OH)2 or CaO must be added to a soil at a concentration that 
raises soil pH to 12.4, and the standard also states that agricultural lime, crushed limestone, will 
not produce any improvement.  Many grouts, such as acrylamide, are toxic, and human exposure 
must be minimized.  The large scale and environmentally sensitive nature of wetland restoration 
projects makes these traditional amendments too risky to use.  Additionally, Tengbeh (1993) 
demonstrated that grass roots can provide a five-fold increase in shear strength over a wide range 
of water contents, and de Baets et al. (2007) showed that plant roots can increase surface erosion 
resistance.  Therefore, any compound used for improving slurry stability must not inhibit or slow 
plant growth, since plants are also important for increasing sediment stability. 
The World Health Organization (1975; 1987) performed toxicity studies for guar gum 
and xanthan gum and found that they do not represent a hazard to health and that there was no 
need to establish an acceptable daily intake of the substances.   Further, Sandford et al. (1984) 
established that both guar gum and xanthan gum are used in agricultural fertilizers and feed 
supplements with no harm to the environment. With this in mind, these two exopolymer analogs 
show little evidence in causing environmental harm should they be used for wetland stabilization 
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and could enhance the growth of plants (Wallace 1986), while improving sediment stability.  
However, it must be proved that application of these two polymers at the concentrations 
recommended in this dissertation will be environmentally benign, and this study is currently 
being conducted at Louisiana State University. 
The purpose of this dissertation is to characterize how exopolymers change the 
compressibility and shear strength of clay and to provide geotechnical models to aid practitioners 
in using the materials.  Emphasis is placed on cohesive soils, since the Lower Mississippi River 
Basin and the Northern Gulf Coast are covered extensively by fine-grained, mostly cohesive 
sediments.  Methods for mixing exopolymer with clay and quantifying exopolymer concentration 
in soil will be developed, and compressibility and shear strength will be measured using 
Casagrande cup, 1D consolidation, direct shear, cohesive strength meter (CSM), and triaxial 
tests. This program will lay the foundation for developing an environmentally benign technology 
for bioengineered coastal sediment stabilization and erosion control.   
1.1  Dissertation Objectives 
This dissertation will describe how exopolymers change the compressibility and shear 
strength of kaolinite and will relate these changes to the Stress History And Normalized Soil 
Engineering Properties (SHANSEP) (Ladd and Foott 1974) model.  Methods for mixing 
exopolymer with clay and quantifying exopolymer concentration in soil will also be described.  
Compressibility and shear strength will be measured using Casagrande cup, 1D consolidation, 
direct shear, CSM, and triaxial tests.  Results from these tests, relating to compressibility and 
shear strength, will be used to develop SHANSEP models along with empirical correlations.  
Additionally, speculative mechanisms will be proposed to aid in interpretation of results and to 
help guide future research.  This work will provide the basic understanding needed to develop a 
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technology for bioengineered coastal sediment stabilization and erosion control, and it will 
suggest further areas of research needed to make the technology mature. 
1.2  Dissertation Layout 
 Nine chapters make up this dissertation.  Literature review is provided in Chapter 2.  It 
focuses on the potential for exopolymers to reduce erosion and gives a description of the initial 
studies of exopolymer effects on soil shear strength.  Guar gum and xanthan gum, two 
exopolymer analogs that will be used in this dissertation, and kaolinite, the clay mineral used, are 
also described. 
 Chapter 3 describes the results of a study on how guar gum and xanthan gum change the 
liquid limits of kaolinite.  Cations are also used in the study to better understand how the 
biopolymers influence the liquid limit.  Results from a CSM study on how guar gum and xanthan 
gum improve the erosional resistance of kaolinite are presented in Chapter 4.  This study also 
uses cations to more thoroughly comprehend the speculative mechanisms of interaction and 
incorporates information from Chapter 2. 
 The fifth and sixth chapters, respectively, show the outcome of 1D consolidation and 
direct shear tests performed on guar gum and kaolinite mixtures, as well as xanthan gum and 
kaolinite mixtures.  These chapters contain direct measurements of the compressibility and shear 
strength of biopolymer and kaolinite mixtures.  Patterns of improvement and weakening of 
compressibility and shear strength parameters are discussed and related to speculative 
mechanisms proposed in the third and fourth chapters. 
 Triaxial tests and empirical models are provided in Chapters 7 and 8, respectively.  Both 
of these chapters focus on the behavior of low concentration guar gum and kaolinite mixtures, 
since these mixtures produced the greatest improvement in compressibility and shear strength.  
5 
   
The triaxial tests produce both measurements of compressibility and shear strength, and the 
results from the tests are used to produce SHANSEP models.  Empirical models that use the data 
from Chapters 5, 6, and 7, along with additional replicate 1D consolidation and direct shear test 
data, are proposed in Chapter 8. 
 Chapter 9 gives the conclusion of all of the studies performed as part of this dissertation.  
Potential practical applications are proposed.  Also, areas of future work are recommended. 
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CHAPTER 2.  LITERATURE REVIEW 
 To date, there has been very little research regarding how exopolymers change the 
geotechnical properties of a clay, and there is no research that relates these changes to the 
SHANSEP model.  Thus, the literature review provides background on the potential for 
exopolymers to reduce erosion, and gives a description of the initial studies of exopolymer 
effects on soil shear strength.  Guar gum and xanthan gum, two exopolymer analogues that will 
be used in this dissertation, and kaolinite, the clay mineral used, are also characterized in this 
section. 
2.1  Exopolymers and Erosion 
The general understanding is that the presence of exopolymers on sediment surfaces 
significantly increases the erosional resistance of the sediments (Widdows et al. 2006; Yallop et 
al. 2000).  It has been demonstrated that a biofilm built by Alteromonas atlantica in sand 
substantially increases the critical shear velocity required to start erosion of the sand (Dade et al. 
1990).  Widdows et al. (2006) conducted a field study showing that the stability of newly placed 
sediments in intertidal mudflats has a strong correlation with the production and quantity of EPS 
in the sediment.  Gerbersdorf et al. (2007) showed that sediment EPS is positively correlated 
with erosional resistance and that humic acids are negatively correlated. 
Along with results from Hernandez and Mitsch (2007), Gerbersdorf et al. (2007) 
demonstrates why high organic wetland sediment is not already stabilized by the preexisting 
organic material.  In an Ohio wetland, Hernandez and Mitsch (2007) found that a large fraction 
of the soil organic material is humic acid.  Most of the remaining organic material is fulvic acid, 
and aside from having a lower molecular weight and being more soluble in water, fulvic acid is 
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similar to humic acid.  Thus, one cannot assume that a high organic content sediment is already 
benefiting from EPS stabilization. 
2.2  Exopolymers and Shear Strength 
  In addition to erosional stability, a few pilot studies have explored the application of 
exopolymers to soil treatment and improvement.  For instance, artificially added EPS 
dramatically increased the tensile strength of air-dried strips of the common clay minerals 
kaolinite and montmorillonite (Chenu and Guérif 1991).  Çabalar and Çanakci (2005) performed 
direct shear tests to measure how the average shear strength of Leighton Buzzard sand changed 
with the addition of xanthan gum.  They found that the addition of xanthan gum significantly 
increases the shear strength of the sand.  Martin et al. (1996) also found that the addition of 
xanthan gum to a low plasticity clayey silt increases the shear strength of the soil. 
2.3  Guar Gum 
Guar gum is a neutral polysaccharide found in the seeds of Cyamopsis tetragonoloba 
(Risica et al. 2005).  Although guar gum is not a microbially produced biopolymer, it possesses 
the ability to produce viscous, pseudoplastic aqueous solutions representative of neutral 
microbial EPS.  This ability is the result of its high molecular weight and extensive, hydrogen 
bonding promoted chain hyperentanglements (Goycoolea et al. 1995; Cheng et al. 2002).  
Hyperentanglements are a type of intermolecular association (Rao 2007).  Guar gum’s 
availability and inexpensiveness also make it potentially useful in practice.   
The polymer backbone of guar gum consists of mannose linked with β-1,4 bonds, and a 
single galactose is bonded to every second mannose (Whistler and Smart 1953).  Carboxylic acid 
groups (-COOH) are absent from the structure of guar gum, and the lack of ionizable functional 
groups causes guar gum to have no electrical charge.  Numerous hydroxyl (-OH) groups allow 
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guar gum to form hydrogen bonds.  Although it is possible for the hydrogen in hydroxyl groups 
to dissociate, this process requires a surrounding solution with very high pH (Bruice 2004).  In 
addition, guar gum has a high molecular weight of up to 2 × 10
6
 Da (Risica et al. 2005). 
Guar gum also maintains a commercial significance. This is because of its ability to 
increase the viscosity of aqueous systems (Whitcomb et al. 1980).  Additionally, guar gum 
solutions are pseudoplastic, which means that the viscosity of a guar gum solution decreases with 
an increased shear rate.   
2.4  Xanthan Gum 
Xanthan gum is an anionic polysaccharide produced by Xanthomonas campestris 
(Sutherland 1994).  Its polymer backbone consists of glucose linked with β-1,4 bonds, and every 
second glucose possesses a mannose-glucuronic acid-mannose side chain (Hassler and Doherty 
1990).  The two mannoses are typically modified with an O-acetyl group added to the mannose 
closest to the glucose backbone, while the mannose furthest from the backbone contains a 
pyruvate ketal.  However, the exact proportion of mannose modified depends on the bacterial 
strain and the physiological environment in which the bacteria grow (Sutherland 1994).  The 
carboxylic acid groups (-COOH) on the glucuronic acid and pyruvate bestow the xanthan gum its 
anionic charge, since the hydrogen can easily dissociate from a carboxylic acid group and form a 
carboxylate (-COO
-
) anion (Bruice 2004).   
Being naturally produced, xanthan gum’s exact molecular weight depends on the 
bacterial strain and the physiological environment used for production.  Typical molecular 
weights range from 0.9 to 1.6 × 10
6
 Da (Sutherland 1994).  Its ability to increase the viscosity of 
aqueous systems makes it commercially significant (Hassler and Doherty 1990).  Since small 
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concentrations of xanthan gum can greatly increase the viscosity of a solution, it is a commonly 
used substance.  The solutions made with xanthan gum are also pseudoplastic (Milas et al. 1985). 
2.5  Kaolinite 
 
Kaolinite is a 1:1 clay mineral, which means each particle has one tetrahedral silica layer 
and one octahedral alumina layer (Mitchell and Soga 2005).  Individual particles of kaolinite 
form stacks with hydrogen bonds and van der Waals forces holding together successive particles 
(Mitchell and Soga 2005).  The strength of these bonds prevents water from entering the 
interlayer spaces and causing swelling (Mitchell and Soga 2005).  Cation exchange capacity 
(CEC) values for kaolinite typically range between 3 to 15 meq / 100 g (Mitchell and Soga 
2005). 
Although Ma and Eggleton (1999) suggest that kaolinite’s permanent negative charge 
due to isomorphic substitution is insignificant, zeta potential tests on kaolinite by Tombácz and 
Szekeres (2006), Alkan et al. (2005), and Li and Xu (2008) show that kaolinite possesses an 
overall negative charge over most pH values.  Zeta potential data have the same sign as the 
excess charge of a particle, and zeta potential magnitude is roughly proportional to particle 
charge (Hunter 1981).  Tombácz and Szekeres (2006) demonstrated that kaolinite does have 
permanent negative charges that are the result of isomorphic substitution, but variable charge 
sites, such as along particle edges, can balance this permanent negative charge at low enough pH.  
However, over the pH range Tombácz and Szekeres (2006) tested (pH 3 to 11), their kaolinite 
was negatively charged.  Li and Xu (2008) had similar results where kaolinite had a net negative 
charge over the 3 to 7 pH range.  Alkan et al. (2005) found that kaolinite lost its net negative 
charge at a pH of about 2.35.  These results, however, show that kaolinite generally possesses a 
net negative charge. 
10 
   
South Louisiana wetland clays are not largely composed of kaolinite.  Other minerals, 
such as smectites and illites, also make up the mineral portion of south Louisiana wetland 
sediments (Aslan and Autin 1998).  In addition, certain wetland soils, like peats, contain large 
quantities of organic material (Plummer et al. 2003).  As this is the first investigation to model 
the effects of exopolymers on a clay, a relatively pure kaolinite was chosen to minimize effects 
caused by the sediment alone.   
Pure bentonite, for example, would have a much higher CEC of 80 to 150 meq / 100 g 
(Mitchell and Soga 2005), and these cations can have significant influence on exopolymer and 





 counter electrostatic repulsion effects for xanthan gum.  Additionally, 
K
+
 increases the adsorption of guar gum on kaolinite (Ma and Pawlik 2007).  Kaolinite, on the 
other hand, has a much smaller CEC, which helps to eliminate sorbed cation effects (Mitchell 
and Soga 2005).   
Bentonite also significantly shrinks and swells depending on the water content and the 
type and concentration of cations in the pore fluid (Budhu 2000; Mitchell and Soga 2005).  This 
activity would mask exopolymer effects that are of interest.  However, kaolinite is largely free 
from these effects (Budhu 2000; Mitchell and Soga 2005).  A pure illite would also not have 
problems with shrinking and swelling (Budhu 2000; Mitchell and Soga 2005), but bulk pure illite 
is too expensive to perform the number of geotechnical tests needed.   
Since sampled wetland sediments would have a mix of different clay minerals along with 
organic material, it would be extremely difficult to adequately control for variance produced by 
natural organic material.  This is because humic substances, which make up a large portion of 
wetland organic carbon (Hernandez and Mitsch 2007), have significant variation in chemical 
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fuctional groups, molecular weight, and other chemical properties (Maier et al. 2000).  Thus, 
kaolinite provides the best starting point for quantifying exopolymer effects. 
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CHAPTER 3.  THE EFFECT OF EXOPOLYMERS ON THE LIQUID LIMIT OF 




3.1  Introduction 
Interest has been growing in understanding the influence of soil biota on engineering 
properties of soils and in exploring biological processes for soil treatment and improvement, 
such as biocementation and bioclogging (Ivanov and Chu 2008; Mitchell and Santamarina 2005).  
The wide occurrence of microorganisms in soil environments has been well recognized.  An 
important product formed by micro-communities of bacteria associated with a surface, also 
known as biofilms, is exopolymers, or extracellular polymeric substances (EPS) (Sutherland 
2001), which are exuded by microorganisms for protection and to make the environment more 
hospitable for the micro-community (Maier et al. 2000).  Most exopolymers are high molecular 
weight polysaccharides containing chemically active groups with electrical charges (Sutherland 
2001), and hence they interact very actively with soil particles, particularly clay minerals.  
Therefore, it is expected that exopolymers affect soil behavior and engineering properties in a 
variety of ways. 
 The general understanding is that the presence of exopolymers on sediment surfaces 
significantly increases the erosional resistance of the sediments (Widdows et al. 2006; Yallop et 
al. 2000).  There have been studies to substantiate this.  For example, it has been demonstrated 
that a biofilm built by Alteromonas atlantica in sand substantially increases the critical shear 
velocity required to start erosion of the sand (Dade et al. 1990).  Additionally, Widdows et al. 
(2006) conducted a field study showing that the stability of newly placed sediments in intertidal 
mudflats has a strong correlation with the production and quantity of EPS in the sediment.   
                                                          
*Material reprinted from Nugent et al. (2009) with permission from the Transportation Research Board on behalf of 
the National Academy of Sciences. 
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Besides erosional stability, there have been a few pilot studies exploring the application 
of exopolymers for soil treatment and improvement.  For instance, artificially added EPS 
dramatically increased the tensile strength of air-dried strips of the common clay minerals 
kaolinite and montmorillonite (Chenu and Guérif 1991).  Çabalar and Çanakci (2005) performed 
direct shear tests to measure how the average shear strength of Leighton Buzzard sand changed 
with the addition of xanthan gum.  They found that the addition of xanthan gum significantly 
increases the shear strength of the sand.  Martin et al. (1996) also found that the addition of 
xanthan gum to a low plasticity clayey silt increases the strength of the soil. 
An extensive investigation is being conducted at Louisiana State University to study and 
understand how exopolymers interact with soils and affect their engineering properties.  This is 
due to the fact that every 24 minutes the state of Louisiana loses one acre of land due to erosion 
(Fischetti 2001).  Erosion refers to the gradual removal of particles from the soil surface by 
currents or flows (Plummer et al. 2003).  This threatens coastal transportation infrastructure (e.g., 
highways, bridges).  Also, the erosion or scouring of bridge piers, piles, and abutments is one of 
the major factors for bridge failures in the United States (Wardhana and Hadipriono 2003).  
Moreover, erosion, including internal erosion, can cause failures of embankments and dams 
(Parker and Jenne 1967; Sherard et al. 1972), and thus it affects waterway transportation. 
   Emphasis of this study is placed on cohesive soils, since the Lower Mississippi River 
Basin and the Northern Gulf Coast are covered exclusively by fine-grained, mostly cohesive 
sediments.  In the US, cohesive soils and sediments are also prevalent in several major estuaries 
and bays, such as Boston Harbor, San Francisco Bay, the Delaware River estuary, and New York 
City Hudson River estuary.  This investigation aims to develop an environmentally benign 
technology for bioengineered coastal sediment stabilization and erosion control. 
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 Preliminary results of this study pertinent to the liquid limit measurement of a kaolinite 
clay are presented in this chapter.  Xanthan gum, an anionic bacterial extracellular 
polysaccharide, and guar gum, a neutral plant polysaccharide, are two biopolymers used as EPS 







, in the pore fluid were varied in the clay sample to study the various molecular or 
nanoscale interactions among biopolymers, cations, and clay particles.  The macroscopic index 
property (i.e., liquid limit) is interpreted along with the hypothesized nanoscale interactions 
within the biopolymer-clay system.  Furthermore, this interpretation is reinforced with imaging 
of the microstructure of the system under environmental scanning electron microscopy (ESEM). 
3.2  Materials and Methods 
3.2.1  Materials 
The clay sample used in this study is a relatively pure kaolinite purchased from Thiele 
Kaolin Co.  Particles smaller than 2 μm make up 98 percent by weight (wt.%) of the sample.  
The average specific surface area is 20-26 m
2
/g (Flick 1989).  The as-received sample was used 
without further treatment.  Three inorganic salts were used as the background ions: calcium 
nitrate (Ca(NO3)2, ACS Grade) was purchased from EMD Chemicals Inc., while both ACS grade 
potassium chloride (KCl) and sodium chloride (NaCl) were purchased from Mallinckrodt 
Chemicals.  Two exopolymers that were used, xanthan gum (NF Grade) and guar gum 
(Laboratory Grade), were purchased from Spectrum Chemical Manufacturing Corp. and Fisher 
Scientific, respectively.  Some basic information about these two EPS analogs is provided below. 
3.2.2  Xanthan Gum  
Xanthan gum is an anionic polysaccharide produced by Xanthomonas campestris 
(Sutherland 1994).  Its polymer backbone consists of glucose linked with β-1,4 bonds, and every 
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second glucose possesses a mannose-glucuronic acid-mannose side chain (Hassler and Doherty 
1990).  The two mannoses are typically modified with an O-acetyl group added to the mannose 
closest to the glucose backbone, while the mannose furthest from the backbone contains a 
pyruvate ketal.  However, the exact proportion of mannose modified depends on the bacterial 
strain and the physiological environment in which the bacteria grow (Sutherland 1994).  The 
carboxylic acid groups (-COOH) on the glucuronic acid and pyruvate bestow the xanthan gum its 
anionic charge, since the hydrogen can easily dissociate from a carboxylic acid group and form a 
carboxylate (-COO
-
) anion (Bruice 2004).   
Because xanthan gum is naturally produced, its exact molecular weight depends on the 
bacterial strain and the physiological environment used for production.  Typical molecular 
weights range from 0.9 to 1.6 × 10
6
 Da (Sutherland 1994).  Xanthan gum’s ability to increase the 
viscosity of aqueous systems makes it commercially significant (Hassler and Doherty 1990).  
Since small concentrations of xanthan gum can greatly increase the viscosity of a solution, it is a 
commonly used substance.  Additionally, xanthan gum solutions are pseudoplastic, which means 
that the viscosity of a xanthan gum solution decreases with an increased shear rate (Milas et al. 
1985). 
3.2.3  Guar Gum 
Guar gum is a neutral polysaccharide found in the seeds of Cyamopsis tetragonoloba 
(Risica et al. 2005).  Although guar gum is not a microbially produced biopolymer, it possesses 
the ability to produce viscous, pseudoplastic aqueous solutions representative of neutral 
microbial EPS.  Its availability and inexpensiveness also make it potentially useful in practice. 
  The polymer backbone of guar gum consists of mannose linked with β-1,4 bonds, and a 
single galactose is bonded to every second mannose (Whistler and Smart 1953).  Carboxylic acid 
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groups (-COOH) are absent from the structure of guar gum, and the lack of ionizable functional 
groups provides guar gum its neutral charge.  Numerous hydroxyl (-OH) groups allow guar gum 
to form hydrogen bonds.  Although it is possible for the hydrogen in hydroxyl groups to 
dissociate, this process requires a surrounding solution with very high pH (Bruice 2004).  In 
addition, guar gum has a high molecular weight of up to 2 × 10
6
 Da (Risica et al. 2005).  Similar 
to xanthan gum, guar gum also maintains a commercial significance because of its ability to 
increase the viscosity of aqueous systems (Whitcomb et al. 1980).  
3.2.4  Preparation of Biopolymer Solutions 
Since xanthan gum and guar gum are both high molecular weight biopolymers with 
variable molecular weights, the biopolymer solutions were measured using weight percent 
instead of molarity, where weight percent is the ratio of the weight of biopolymer to that of 
biopolymer solution.  Biopolymer solutions of a desired concentration were prepared by 
dissolving biopolymer powder into deionized (DI) water.  To prevent the powder from clumping, 
two measures were used: (1) for low concentration solutions, the water was stirred using a stir 
bar, and the biopolymer powder was very slowly added to the liquid vortex over several minutes; 
and (2) for high concentration solutions, an immersion blender was used to break down any 
remaining clumps of biopolymer powder and to homogenize the solution.   
All freshly prepared biopolymer solutions were either used immediately after mixing or 
were stored in a refrigerator at 4 °C to minimize the effect of biological degradation.  Those 
refrigerated solutions were allowed to warm to room temperature (approximately 20 °C) before 
being used in subsequent tests. 
 There are other means of making homogenous biopolymer solutions that involve the 
addition of chemicals, such as glycol and alcohol (Phillips and Williams 2000).  It seems, 
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however, that direct physical means of mixing the solutions would be preferred for large scale 
application in the field.  This is because it would save on costs, since additional chemicals would 
not have to be purchased.  Therefore, these tests used physical mixing.   
 Xanthan gum solutions with concentrations ranging from 0.25 to 10 wt.% were used to 
examine the effect of xanthan gum on the liquid limit of kaolinite.  Similarly, guar gum solutions 
with concentrations ranging from 0.25 to 3 wt.% were also used.  Note that some concentrations 
were specifically chosen in order to better define the curve formed by plotting the liquid limit 
against biopolymer concentration, as described below.   
Biopolymer solutions with background salt concentrations were utilized to investigate 
how biopolymer cross-linking and the adsorption of biopolymers onto clay particle surfaces 
influence the liquid limit.  In order to produce a biopolymer solution with a background salt 
concentration, 0.1 M Ca(NO3)2, 0.01 M KCl, and 0.01 M NaCl salt solutions were prepared, and 
those salt solutions were used instead of DI water to make the biopolymer solutions.  The effect 
of cross-linking was studied using xanthan gum solutions with concentrations ranging from 1 to 
5 wt.% and with 0.1 M Ca(NO3)2 as the background salt solution.  The effect of biopolymer 
adsorption was examined using two sets of guar gum solutions with concentrations ranging from 
0.5 to 2 wt.%.  One set of guar gum solutions used 0.01 M KCl as the background salt solution, 
while the other set used 0.01 M NaCl.   
3.2.5  Liquid Limit Test 
Liquid limit tests were performed using the Casagrande cup method following the 
procedures specified in the ASTM standard D 4318 (ASTM 2006).  For most of the liquid limit 
tests, biopolymer solutions or salt solutions were used instead of deionized water.  The tests were 
performed by adding a small amount of biopolymer solution to dry kaolinite powder and hand 
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mixing the clay and biopolymer solution together until a homogenous paste was formed.  Next, 
the clay and biopolymer mixture was tested in a Casagrande cup.  Some of the mixture in the 
Casagrande cup was used to measure the water content of the mixture, according to ASTM 
standard D 2216 (ASTM 2006).  Following this, more biopolymer solution was added to the 
clay-biopolymer mixture that was again hand-mixed until it was homogenous.  The Casagrande 
cup test was then repeated, and six points were collected to determine each liquid limit. 
 Note that the addition of biopolymer solution to a constant mass of clay results in a 
mixture with a constant biopolymer concentration in the pore fluid, but the clay to biopolymer 
mass ratio varies during the experiment.  Since the biopolymers are high molecular weight 
polysaccharides, they do not volatilize at 110 ± 5 °C in the drying oven.  As an example of how 
high molecular weight polysaccharides resist volatilization, wood that largely consists of high 
molecular weight polysaccharides (Sjötröm 1993) does not appreciably volatilize until the 
temperature is above 300 °C (U.S. 2007).  Because of the biopolymers’ lack of volatilization, 
they contribute to the weight of the solids when determining water content or liquid limit. 
3.2.6  ESEM Imaging 
After determining the liquid limits of the kaolinite and biopolymer mixtures, samples of 
kaolinite and biopolymer mixtures at the measured liquid limits were prepared for selected 
biopolymer solutions.  These samples were observed and imaged using an FEI Quanta 200 
ESEM under a constant relative humidity of 95-100%, which essentially prevents samples from 
drying during imaging.  Observation of samples under ESEM does not require pre-processing of 
samples (e.g., drying, coating, fixing).  Special attention was paid to the presence of biopolymer 
gels within pores, clay particle aggregation, and aggregate sizes. 
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3.3  Results and Discussion 
3.3.1  Biopolymer Solution Viscosity 
Figure 3.1 plots the liquid limit of kaolinite against the concentration of xanthan gum 
solution as the pore fluid, while Figure 3.2 shows the respective results for guar gum.  For 
comparison, the zero shear rate dynamic viscosities of xanthan gum (with a molecular weight of 
1.25 × 10
6
 Da) (Milas et al. 1985) and guar gum solutions (Whitcomb et al. 1980) are also shown 
in Figures 3.1 and 3.2, respectively.  One striking feature observed from these two figures is the 
rapid, non-linear increase of the liquid limit with increasing biopolymer concentration in the pore 
fluid.  Furthermore, the rate of change in the liquid limit follows the rate of change in viscosity, 
especially at higher concentrations.  These features seem to indicate that the biopolymer solution 
viscosity in the pore fluid is significantly related to the increase of the liquid limit of the 
kaolinite, particularly for higher concentrations (e.g., >5 wt.% for xanthan gum and >2 wt.% for 
guar gum).  For lower concentrations, the influence of the two biopolymers is slightly different.  
An obvious peak is observed around 0.5 wt.% xanthan gum concentration, while only a small 
hump is found around 1.25 wt.% guar gum concentration.  The appearance of the peaks is 
believed to be caused by the biopolymer-induced aggregation at low concentrations. 
 The liquid limit is a measure of how much fluid must be added to a soil in order to reduce 
its undrained shear strength to 1.7-2.0 kPa (Sharma and Bora 2003).  Since water has a dynamic 
viscosity of about 0.001 Pa·s (Bolz and Tuve 1973), and viscosity is a measure of how well a 
fluid resists shear stress (Crowe et al. 2001), water contributes little to the ability of the kaolinite 
to resist shear stresses.  However, a 4.5 wt.% xanthan gum solution and a 2 wt.% guar gum 
solution possess zero shear rate viscosities of 1037 Pa·s (Milas et al. 1985) and 1220 Pa·s 
(Whitcomb et al. 1980), respectively.   These  viscosities are six orders of magnitude greater than  
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Figure 3.1: Liquid limit of kaolinite and xanthan gum solution viscosity (Milas et al. 1985) 
as a function of xanthan gum concentration.   
 
 
Figure 3.2: Liquid limit of kaolinite and guar gum solution viscosity (Whitcomb et al. 1980) 

































































































   
water.  Therefore, it must take more biopolymer solution to reach the liquid limit than it would 
take for water to do so, since biopolymer solutions contribute to the shear resistance of the clay-
biopolymer system when sheared with a high rate of strain, such as with the impact of a 
Casagrande cup. 
 It is also worth discussing the difference resulting from the two biopolymers.  Although 3 
wt.% guar gum and 10 wt.% xanthan gum solutions have nearly equal viscosity (i.e., 30000 Pa·s) 
(Milas et al. 1985; Whitcomb et al. 1980), the liquid limits of kaolinite with these two 
concentrations are different: 436.8% for 10 wt.% xanthan gum solution, but 829.5% for 3 wt.% 
guar gum solution.  This appears to indicate that other mechanisms in addition to pore fluid 
biopolymer viscosity and aggregation (which is discussed later) also contribute to the liquid limit 
of kaolinite.   
Figures 3.3 and 3.4 highlight the low concentration behavior of xanthan gum and guar 
gum solutions and further illustrate the differences between the two biopolymers.  Both 0.25 
wt.% xanthan gum and 0.25 wt.% guar gum have similar viscosities of 0.015 Pa·s (Milas et al. 
1985; Whitcomb et al. 1980).  However, the liquid limit of kaolinite with 0.25 wt.% xanthan 
gum is 89.9%, while the liquid limit is 73.8% for 0.25 wt.% guar gum solution. 
It is believed that these differences are caused by different types of clay-biopolymer 
interactions involved for the two biopolymers.  Anionic xanthan gum molecules may be linked to 
the adsorbed cations on the kaolinite particle surfaces (Dontsova and Bigham 2005).  However, 
kaolinite has limited cation exchange capacity (Mitchell and Soga 2005) and has a net negative 
charge for pH values greater than 3 (Tombácz and Szekeres 2006; Alkan et al. 2005; Li and Xu 
2008),   so   the   degree   of   linking   is   limited.   On  the  other  hand,  guar  gum  is  a  neutral  
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Figure 3.3: Liquid limit of kaolinite and xanthan gum solution viscosity (Milas et al. 1985) 
as a function of xanthan gum concentration with emphasis on low concentration behavior.  
 
 
Figure 3.4: Liquid limit of kaolinite and guar gum solution viscosity (Whitcomb et al. 1980) 
































































































   
polysaccharide with numerous hydroxyl (-OH) groups (Risica et al. 2005) that can form 
hydrogen bonds (Bruice 2004).   
Additionally, kaolinite has asymmetrical surfaces with one face surface consisting of 
oxygen (O) and the other consisting of hydroxide (OH) (Mitchell and Soga 2005).  Both the 
oxygen and hydroxide face surfaces are capable of forming hydrogen bonds with other 
compounds.  For example, kaolinite particles can form stacks with hydrogen bonds making up 
the interlayer bond (Mitchell and Soga 2005).  Podsiadlo et al. (2007) showed that organic 
polymers can form a highly linked clay-polymer network through hydrogen bonding between the 
polymer and clay particles.  Further, Ma and Pawlik (2007) demonstrated that hydrogen bonding 
was the dominant mechanism of interaction between guar gum and kaolinite surfaces.  Since the 
kaolinite surfaces readily interact with guar gum molecules to form numerous hydrogen bonds, 
they form a highly linked, extensive clay-polymer network within the clay-polymer mixture. 
Based on this discussion, it can be concluded that, even if 3 wt.% guar gum and 10 wt.% 
xanthan gum solutions have nearly the same viscosity, the molecular scale interactions between 
biopolymer and clay particles are different.  Since guar gum interacts more extensively with 
kaolinite than xanthan gum, the 3 wt.% guar gum solution seems to have a more profound 
influence on liquid limit than even 10 wt.% xanthan gum solution.  The mechanisms of 
biopolymer mediated aggregation, biopolymer cross-linking, and biopolymer adsorption on 
kaolinite further help to describe these deviations.  Additional mechanisms for interaction are 
likely to exist, and more investigation is needed.   
3.3.2  Biopolymer Mediated Aggregation 
Although the viscosity of 4.5 wt.% xanthan gum solutions and 2 wt.% guar gum solutions 
are similar, the liquid limits for kaolinite when these solutions are used measure 65.1% and 
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185.9%, respectively.  Aggregation of the clay particles seems to account for the difference.  
Ouhadi and Goodarzi (2006) demonstrated that adding a coagulant to clay reduces the liquid 
limit of the clay.  By causing the clay particles to aggregate, the specific surface area of the clay 
is decreased, and less liquid is required to fully hydrate the surfaces of the soil particles.  The 
liquid limit for the kaolinite and 4.5 wt.% xanthan gum mixture is less than the liquid limit for 
the kaolinite and 2 wt.% guar gum mixture because xanthan gum causes more aggregation than 
guar gum.   
The maximum liquid limit that occurs in Figures 3.1 and 3.3 at 0.5 wt.% xanthan gum is 
caused by the interaction of viscosity and aggregation for xanthan gum and kaolinite.  For 
xanthan gum concentrations less than 0.5 wt.%, the increase in the liquid limit caused by 
increases in pore fluid viscosity outpaces the decrease caused by aggregation of the kaolinite 
particles.  For concentrations greater than 0.5 wt.% and less than 5 wt.%, the decrease in the 
liquid limit caused by the xanthan gum aggregating the kaolinite particles was stronger than the 
increase caused by viscosity. 
Figure 3.5 shows ESEM images of kaolinite at the liquid limit for DI water, 1 wt.% 
xanthan gum, and 2 wt.% guar gum.  The images for the biopolymer solutions show significant 
aggregation compared to the image for kaolinite with just DI water.  The mechanism for 
aggregation could be provided by strands of biopolymer binding multiple clay particles together.  
The pseudoplastic nature of xanthan gum and guar gum solutions, even at very low 
concentrations, prohibited the use of particle size distribution tests that depend on Stokes’ law 
since Stokes’ law requires exact knowledge of the viscosity of the fluid that resists the movement 
of individual particles. 
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Figure 3.5: ESEM images of kaolinite at the liquid limit for (a) DI water, (b) 1 wt.% 
xanthan gum, and (c) 2 wt.% guar gum.  Scale bars represent 20 μm.  There is far less 
aggregation in (a) than in (b) and (c). 
 
3.3.3  Biopolymer Cross-linking 
Cross-linkers are compounds that form bonds between separate polymer strands.  
Molecular strands of xanthan gum strongly associate with calcium ions.  This is due to ionic 
attraction between the anionic xanthan gum and the calcium cations and due to the geometry of 
the xanthan gum/calcium complex being favored over other divalent cations (Sutherland 1994).  
Since cross-links make polymer systems more rigid, the addition of Ca(NO3)2 to the xanthan 




   
To examine the influence of cross-linking on the behavior of the clay-biopolymer system, 
0.1 M Ca(NO3)2 solution was used instead of DI water to prepare the xanthan gum solutions that 
were added to the clay sample for liquid limit measurements.  Figure 3.6 reflects this increase in 
viscosity.  There is a dramatic increase in the liquid limit for xanthan gum concentrations of 2 
wt.% and greater.   
It is interesting to discuss the two points with xanthan concentrations of 0 and 1 wt.%.  At 
0 wt.% xanthan gum, the addition of Ca(NO3)2 decreases the liquid limit compared with that of 
DI water.  This is caused by the presence of divalent Ca
2+
 in the pore fluid, which increases the 
solution ionic strength and reduces the thickness of the electric double layer on kaolinite particle 
surfaces.  At 1 wt.% xanthan concentration, the liquid limit for the Ca(NO3)2 solution is still 
smaller than that for DI water.  The reason is that while cross-linking of xanthan polymer strands  
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occurs in the mixture, the degree of cross-linking is not significant enough to compensate for the 
reduction caused by the double layer thickness reduction. 
 Increases in the liquid limit produced through cross-linking suggests that clays containing 
natural EPS or that have an artificially added biopolymer can be further strengthened through the 
use of common chemicals, like calcium.  The addition of inorganic compounds can modify the 
behavior of the clay-biopolymer system.  This demonstrates how these interactions can change 
the engineering behavior of the system. 
3.3.4  Biopolymer Adsorption on Kaolinite 
Inorganic compounds can also change how much biopolymer clay particles can adsorb 
via ionic or hydrogen bonds.  Guar gum attaches itself to the surface of kaolinite particles by 
forming hydrogen bonds with the surface of the kaolinite (Ma and Pawlik 2007).  When sodium 
cations in the background solution fill cation exchange sites on the surface of kaolinite, the 
sodium cations form a thick, stable interfacial water layer around the kaolinite particles because 
the sodium cations are well hydrated.  This interfacial water layer then prevents the approach of 
molecular strands of guar gum, and that inhibits the ability of guar gum to form hydrogen bonds 
with kaolinite.   
Potassium cations, however, are poorly hydrated.  The presence of potassium on the 
surface of kaolinite disrupts the interfacial water layer around kaolinite particles.  This enhances 
the ability of guar gum to approach and bond to the kaolinite particles.  Ma and Pawlik (2007) 
demonstrated that a background 0.01 M NaCl solution results in about the same amount of guar 
gum adsorbed on kaolinite as deionized water, while a background 0.01 M KCl solution 
approximately doubles the amount of guar gum adsorbed on kaolinite. 
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Figure 3.7 illustrates how changes in guar gum adsorption affect the liquid limit.  
Although the data is less clear for guar gum concentrations less than 1.5 wt.%, the 1.5 wt.% and 
2 wt.% concentrations show that the addition of potassium results in a greater reduction in the 
liquid limit than sodium.   
 
Figure 3.7: Liquid limit of kaolinite as a function of guar gum concentration and 
background ion. 
 
Both sodium and potassium at 0.01 M concentration will reduce the liquid limit by the 
same amount when there is no biopolymer.  This is because the equal ionic strength of the two 
solutions will equally compress the electric double layer of the kaolinite, as demonstrated by the 
liquid limits of 62.6% and 63.3% for the 0.01 M KCl and 0.01 M NaCl solutions, respectively.  
However, at the 2 wt.% guar gum concentration, the solution with potassium as the background 
cation resulted in a liquid limit of 120.8%, while the solution with sodium as the background 
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cations is caused by potassium increasing the amount of guar gum adsorbed to the surface of the 
kaolinite.  This increase in adsorption then causes more aggregation, as demonstrated by the 
reduction in the liquid limit.   
Figure 3.8 shows ESEM images.  These images are of the soil fabric for kaolinite at the 
liquid limit for 2 wt.% guar gum made with DI water, 2 wt.% guar gum with 0.01 M KCl, and 2 
wt.% guar gum with 0.01 M NaCl. 
 
Figure 3.8: ESEM images of kaolinite at the liquid limit for 2 wt.% guar gum solution 
made with (a) DI water, (b) 0.01 M KCl, and (c) 0.01 M NaCl.  Scale bars represent 20 μm.  
Aggregation is evident in all three images. 
 
 Dontsova and Bigham (2005) revealed that the addition of Ca(NO3)2 to xanthan gum and 




   
Divalent calcium cations act as ionic bridges, bonding anionic xanthan gum to anionic kaolinite 
particles.  Figure 3.6 does not show the corresponding reduction in liquid limit due to increased 
xanthan gum adsorption.  This is because the increase in the liquid limit resulting from cross-
linking overcomes the effects of increased adsorption and aggregation.  
3.3.5  Engineering Implications 
Liquid limit is a simple but important index property for cohesive soils.  It reflects the 
particle-level interactions and soil microstructure (Zhang et al. 2004).  The undrained shear 
strength of most soils at the liquid limit is 1.7-2.0 kPa (Sharma and Bora 2003), and the 
undrained shear strength is a function of water content (Zentar et al. 2009).  At a given water 
content, a soil with higher liquid limit should have a higher shear strength than a soil with a 
lower liquid limit.  This suggests that the presence of biopolymers in a cohesive soil can increase 
the undrained shear strength.  Therefore, biopolymers, if properly introduced into cohesive soils 
or coastal sediments, can possibly increase the undrained shear strength and erosional resistance. 
 In most natural environments, soil pore fluid contains dissolved salts.  The type and 
concentration of these background salts can also actively interact with biopolymer molecules and 
clay particles.  There are five types of active nanoscale interactions within the clay particle, 
biopolymer, and cation system: (1) biopolymer-induced aggregation of clay particles; (2) 
polymer cross-linking caused by divalent cations; (3) the formation of a clay-polymer 
interconnected network via cation bridging and hydrogen bonds; (4) variation of double layer 
thickness on clay surfaces caused by the types and concentrations of cations; and (5) the 
competing adsorption of cations and biopolymer molecules onto clay surfaces.  Interactions two 
and three can increase the undrained shear strength, while the others decrease it.   
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The macroscopic properties of the clay-biopolymer-cation system are the combined 
overall consequence of all the above described nanoscale interactions competing with each other.  
Understanding these interactions can help optimize the complex system to achieve desired 
changes in the engineering properties.  Furthermore, a deeper understanding can be exploited to 
develop biological technologies to engineer soils.  For instance, different bacteria can be 
introduced to a soil sequentially followed by adding a cross-linking agent to enhance soil 
strength.  
3.4  Conclusions 
Laboratory experiments were conducted to measure liquid limits of kaolinite clay with 
varying biopolymer concentrations and background ions in the pore fluid to study influences of 
biopolymers on the behavior and engineering properties of cohesive soils in natural 
environments.  Xanthan gum, an anionic bacterial extracellular polysaccharide, and guar gum, a 
neutrally charged plant polysaccharide, were two biopolymers used as EPS analogs.  Three types 






, were also used to examine 
how background cations interfere with clay-biopolymer interactions.  
From the experimental results, the following conclusions can be drawn:   
 The liquid limit of kaolinite generally increases with the pore fluid biopolymer 
concentration due to increased viscosity, especially at higher concentrations. 
 Biopolymer-induced aggregation at lower concentrations (e.g., xanthan gum) may 
overcome the influence of viscosity and hence slightly decrease the liquid limit. 
 At the same pore fluid viscosity, increases in liquid limits caused by guar gum are much 
greater than that by xanthan gum because of more extensive interaction between guar gum and 
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clay particles, which results in extensive hydrogen bonding networks between guar gum and clay 
particles. 
 Addition of cross-linking agents to a biopolymer solution in the pore fluid can greatly 
increase the liquid limit, since cross-linking can significantly increase the viscosity of pore 
fluids. 
 Monovalent cations (e.g., K+ and Na+) have preferred adsorption over biopolymers onto 
the clay particle surface, resulting in slight decreases in liquid limits. 
 Presence of biopolymers in a cohesive soil can increase the undrained shear strength, at 
least for higher water content conditions, such as soft coastal or marine sediments at the water-
sediment interface.   
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CHAPTER 4.  THE EFFECT OF EXOPOLYMERS, VOID RATIO, AND CATIONS ON 




4.1  Introduction 
Currents or flows gradually remove soil particles on sediment surfaces.  This erosion 
causes much infrastructure and natural habitat damage, especially along the United States 
coastline.  Louisiana is severely afflicted by this problem, losing one acre of land every 24 
minutes because of weak wetland sediment (Fischetti 2001) and subsidence.  Of bridge failures 
between 1989 and 2000, 15.51% were caused by scouring of bridge foundations (Wardhana and 
Hadipriono 2003), and both external and internal erosion can cause failures of river banks, 
levees, and dams (Parker and Jenne 1967; Sherard et al. 1972).   
One common method for rapidly rebuilding wetlands lost through erosion or subsidence 
is hydraulic pumping of dredged sediment to recreate the wetlands.  However, the high water 
content muddy fill deposited by hydraulic pumping has low shear strength.  This poor stability 
makes freshly deposited fill susceptible to erosion, especially until plants become established. 
Care must also be used in amending the soil to improve shear strength because of the 
toxic or caustic nature of many soil stabilizers.  Specifically, ASTM standard D 6276 (ASTM 
2006) states that calcium hydroxide or calcium oxide must be added to a soil at a concentration 
that raises soil pH to 12.4, and this pH is far too alkaline for a healthy marsh ecosystem.  Many 
grouts, such as polyacrylamide, are also toxic, and human exposure must be minimized.  Given 
the large scale and environmentally sensitive nature of wetland restoration projects, traditional 
amendments are too risky to use.   
                                                          
 *Material reprinted from Nugent et al. (2010) with permission from the ASCE and Nugent et al. (2011a) posted 
ahead of print with permission from the ASCE. 
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Further, any compound used for improving slurry stability must not inhibit or slow 
vegetation growth, since plants are also important for increasing sediment stability.  Tengbeh 
(1993) demonstrated that grass roots can provide a five-fold increase in shear strength over a 
wide range of water contents, and de Baets et al. (2007) showed that plant roots can increase 
surface erosion resistance.  In addition, the World Health Organization (1975; 1987) has found 
that guar gum and xanthan gum are safe for mammals, while Sandford et al. (1984) and Wallace 
(1986) suggest that these biopolymers make an acceptable agricultural fertilizer ingredient and 
soil conditioner for promoting plant growth.  This information provides a strong argument for the 
use of exopolymers to temporarily improve sediment stability because they may not put the 
environment at risk like other typical soil stabilizers while plants become established. 
Soil environments have large populations of microorganisms, and an important product 
formed by micro-communities of bacteria is exopolymers, or extracellular polymeric substances 
(EPS) (Sutherland 2001).  Microorganisms produce exopolymers to regulate the 
microenvironment and to protect themselves against predation and drying (Maier et al. 2000).  
Numerous studies have been performed demonstrating the usefulness of exopolymers in the 
environment.   
Typically, exopolymers serve to increase the erosional resistance of sediments when 
present on sediment surfaces (Widdows et al. 2006; Yallop et al. 2000).  In intertidal mudflats, a 
newly-placed sediment’s stability was directly correspondent to that sediment’s production and 
quantity of EPS (Widdows et al. 2006).  In sand, Alteromonas atlantica built a biofilm that 
immensely increased the critical shear velocity necessary for the start of sand erosion (Dade et al. 
1990).  Further, sediment EPS has been found to positively correlate with erosional resistance, 
while humic acids negatively correlate with erosional resistance (Gerbersdorf et al. 2007).  
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  In addition, a few pilot studies have explored the application of exopolymers to soil 
treatment and improvement.  For instance, artificially added EPS dramatically increased the 
tensile strength of air-dried strips of clay (Chenu and Guérif 1991).  Also, the addition of xanthan 
gum significantly increased the shear strength of Leighton Buzzard sand (Çabalar and Çanakci 
2005).  Another preliminary study by Nugent et al. (2009) demonstrated how two EPS 
analogues, guar gum and xanthan gum, changed the kaolinite’s liquid limit. 
Louisiana State University (LSU) is studying bioengineered sediment stabilization 
through the use of exopolymer amendments.  This effort seeks a solution for wetland erosion that 
will have minimal environmental impact.  Because the Lower Mississippi River Basin and the 
Northern Gulf Coast mostly have cohesive sediments, this is the type of sediment used.   
This chapter describes how the erosional resistance of a pure kaolinite clay is enhanced 
using two exopolymer analogues, guar gum, a neutral polysaccharide derived from plants, and 
xanthan gum, a microbially produced anionic polysaccharide.  A cohesive strength meter (CSM) 
is used to measure the critical value of shear stress τoCr of high water content muds, 
representative of newly placed hydraulically pumped dredge fill.  The initial water content of the 
muds is varied to determine how void ratio influences erosional resistance.  Changes in τoCr are 
explained in terms of nanoscale chemical and physical interactions between exopolymer strands 
and clay particles.  These chemical and physical interactions are further explored by adding 
cations to the pore fluid.  Methods for practical application of exopolymers for erosion control 
are then discussed. 
4.2  Materials and Methods 
A relatively pure, untreated, kaolinite clay sample purchased from Theile Kaolin 
Company was used for this study.  Particles smaller than 2 μm made up 98 wt.% of the sample.  
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The specific gravity is 2.63, while the average specific surface area measured 20-26 m
2
/g (Flick 
1989).  Kaolinite was chosen to minimize variance caused by the sediment.  Although pure 
mineral kaolinite is not representative of the composition of Louisiana wetland sediment, it 
provides a good starting point for determining mechanisms of biopolymer and clay interaction.  
Specifically, pure mineral kaolinite eliminates interference from naturally occurring organic 
material, and the low cation exchange capacity of kaolinite reduces variance from cations that 
can significantly change biopolymer and clay interaction (Nugent et al. 2009).  The interaction 
mechanisms developed, however, will not be exclusive to kaolinite, which will allow 
extrapolation to other cohesive soils.  Three inorganic salts were added as background ions to 
probe these interactions: calcium nitrate (Ca(NO3)2, ACS Grade) was purchased from EMD 
Chemicals Inc., and both sodium chloride (NaCl, ACS Grade) and potassium chloride (KCl, 
ACS Grade) were purchased from Mallinckrodt Chemicals. 
Additionally, two EPS analogs were purchased.  Laboratory Grade guar gum was 
purchased from Fisher Scientific.  NF Grade xanthan gum was purchased from Spectrum 
Chemical Manufacturing Corporation.  The EPS analogs are described below. 
4.2.1  Guar Gum 
This neutral polysaccharide comes from Cyamopsis tetragonoloba seeds (Risica et al. 
2005).  Its polymer backbone consists of mannose linked with β-1,4 bonds, and a single 
galactose is bonded to every second mannose (Whistler and Smart 1953).  Guar gum is capable 
of hydrogen bonding because it possesses many hydroxyl (-OH) groups.  Also, it has a neutral 
charge because it lacks readily ionizable functional groups, such as carboxylic acid (-COOH) 
groups.   
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Guar gum can produce viscous, pseudoplastic aqueous solutions representative of neutral 
microbial EPS, even though it is derived from plants.  Guar gum has a commercial significance 
because it is readily available and inexpensive.  It also has the ability to increase the viscosity of 
aqueous systems (Whitcomb et al. 1980). 
4.2.2  Xanthan Gum 
Xanthan gum is an anionic polysaccharide produced by the bacteria Xanthomonas 
campestris (Sutherland 1994).  Its polymer backbone consists of glucose linked with β-1,4 
bonds, and every second glucose possesses a mannose-glucuronic acid-mannose side chain 
(Hassler and Doherty 1990).  The two mannoses are typically modified with an O-acetyl group 
added to the mannose closest to the glucose backbone, while the mannose furthest from the 
backbone contains a pyruvate ketal.  However, the exact proportion of mannose modified 
depends on the bacterial strain and the physiological environment in which the bacteria grow 
(Sutherland 1994).   
The anionic charge of xanthan gum comes from hydrogen atoms dissociating from 
carboxylic acid (-COOH) groups to form carboxylate (-COO
-
) anions (Bruice 2004).  Xanthan 
gum’s hydroxyl (-OH) groups also allow for hydrogen bonding.  Xanthan gum is used 
commercially because just a small amount of it will greatly increase the viscosity of an aqueous 
system (Hassler and Doherty 1990).  An increased shear rate, however, decreases its viscosity 
because it is pseudoplastic (Milas et al. 1985).  
4.2.3  Preparation of Biopolymer and Clay Mixtures 
Erosional resistance was measured using a CSM apparatus.  This apparatus uses air 
pressure to force water through a brass jet contained inside of a sensor head, and the sensor head 
is  shown  in  Figure  4.1.   Before  starting  the  test,  the sensor head is pressed into the sediment  
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Figure 4.1: (a) Picture of CSM sensor head and (b) schematic of CSM sensor head cross 
section inserted into a sediment surface. 
 
surface and filled with water.  As the test progresses, the water jet is fired at the sediment 
surface, with increasing air pressure driving the water jet.  Inside the sensor head is also an 
infrared emitter and detector.  The amount of infrared light detected is reduced as sediment is 
eroded and suspended in the sensor head, and the apparatus electronically records these data.   
Since the sensor head was designed to be pressed into sediment surfaces, the biopolymer 
and clay muds prepared for the CSM tests had to be prepared in a fashion that provides a 
consistent, accessible surface for the 63.5 mm (2.5 in.) wide sensor head.  Glass beakers (400 ml) 
filled with 125 ml of mud provided a surface with enough clearance and sufficient sediment 
depth to prevent the water jet from eroding enough mud to reach the bottom of the beaker.  
Starting water contents w of 180%, 200%, and 220% were used because this amount of water, 
when mixed with the kaolinite chosen for this test, produces a fluid mud representative of high 
water content wetland mud. 
It is not useful to describe biopolymer concentration in terms of its pore solution 
concentration because a saturated clay’s water content decreases during consolidation and varies 
b) a) 
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in nature.  Therefore, the biopolymer mass ratio, or Rbm, is used to measure concentration, which 
is the ratio of dry biopolymer mass to the sediment dry mass.  To produce the specimens used for 
the CSM tests, a 1.5 wt.% guar gum solution and a 1.5 wt.% xanthan gum solution were first 
made.   
Although there are other means of making homogenous biopolymer solutions that 
involve the addition of chemicals, such as glycol and alcohol (Phillips and Williams 2000), it 
seems that direct physical means of mixing the solutions would be preferred for large scale 
application in the field.  This is because it would save on costs, since additional chemicals would 
not have to be purchased.  Therefore, these tests used physical mixing.   
Dry biopolymer powder was slowly added into either deionized (DI) water, 0.1 M 
Ca(NO3)2, 0.2 M NaCl, 0.01 M NaCl, or 0.01 M KCl that was stirred by a stir bar over several 
minutes to reduce clumping.  An immersion blender was then used to break down biopolymer 
powder clumps in the solutions to completely homogenize the solutions.  Next, predetermined 
masses of biopolymer solution, dry kaolinite powder, and either DI water or salt solution were 
mixed to produce 125 ml specimens with 180%, 200%, and 220% water contents, the desired 
background cations, and appropriate Rbm values.   
Thirty-nine specimens were made, which included kaolinite without biopolymer, guar 
gum and kaolinite mixtures with concentrations of 0.005, 0.010, 0.015, and 0.020 Rbm, and 
xanthan gum and kaolinite mixtures with concentrations of 0.005, 0.010, 0.015, and 0.020 Rbm.  
After adding the materials for each specimen, the materials were lightly stirred with a spatula to 
prevent driving kaolinite powder into the air and to partially mix the mud.  Again, the immersion 
blender was used to make sure the mud was homogenized. 
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With the specimens fully mixed, each mud was loaded into a beaker by using a spatula to 
place portions of mud into the center of the beaker, while being careful not to trap any bubbles of 
air.  As the muds were relatively fluid, they flowed outward and formed a reasonably smooth 
upper surface.  Since dredging is normally done during calm weather and wave conditions, 
freshly deposited slurry will typically have a few days before being exposed to significant 
erosional events.  Thus, the beakers of mud were placed in a refrigerator at 4 °C for 72 hours to 
let the mud briefly consolidate under its own weight while minimizing the effect of biological 
degradation.   
After 72 hours, those refrigerated muds were allowed to warm to room temperature.   
Any water present on the slurry surface was carefully removed with a paper towel.  Then, the 
CSM sensor head was inserted into the slurry surface and was used to measure τoCr, as described 
in the next section. 
4.2.4  Cohesive Strength Meter Methodology and Data Analysis 
The apparatus employed was a MKIV 60psi CSM acquired from Partrac Ltd., and it was 
used based on the guidelines proposed by Tolhurst et al. (1999), as CSM tests do not have an 
ASTM standard defining their use.  With the CSM sensor head in the sediment surface, the 
sensor head was carefully filled with DI water, and test program MUD 3 was activated.  This test 
program involves activating the water jet for 0.3 seconds, and then measuring the infrared 
transmissivity of the water in the sensor head for 30 seconds before activating the jet again.  As 
more sediment is eroded, the transmissivity of the suspension decreases because suspended 
sediment blocks part of the infrared light beam.   
The jet was initially fired using a driving air pressure of 3.45 kPa (0.5 psi) with the 
pressure increased by 3.45 kPa (0.5 psi) until a pressure of 34.47 kPa (5 psi) was reached.  
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Afterwards, the pressure was incremented by 6.89 kPa (1 psi) until either a pressure of 413.69 
kPa (60 psi) was reached or the operator ended the test early due to the transmissivity 
approaching 0%.  Once the program was complete, some mud around the outside of the sensor 
head was removed to measure w according to ASTM standard D 2216 (ASTM 2006).  The 
sensor head was then removed and cleaned.   
Since the biopolymers are high molecular weight polysaccharides, they do not volatilize 
at 110 ± 5 °C in the drying oven.  As an example of how high molecular weight polysaccharides 
resist volatilization, wood that largely consists of high molecular weight polysaccharides 
(Sjötröm 1993) does not appreciably volatilize until the temperature is above 300 °C (U.S. 
2007).  Because of the biopolymers’ lack of volatilization, they contribute to the weight of the 
solids when determining water content or void ratios. 
Critical values of shear stress τoCr for each specimen were determined from the raw CSM 
data by plotting the transmissivity against time, as shown in Figure 4.2.  Transmissivity was 
plotted as a percentage, with 100% being the amount of infrared light passing through clear 
water in the sensor head and 0% being all infrared light blocked.  Two lines were drawn, with the 
first line going through the linear points before the sediment significantly eroded, and the second 
line was drawn through the linear points where the sediment is appreciably eroded by the water 
jet.  These are the two thin, straight lines in Figure 4.2.  The intercept is the time where τoCr is 
applied to the sediment.  As this time is often between jet firings with discrete driving pressures, 
linear interpolation was used to calculate the intercept jet driving pressure.  This driving pressure 
was then substituted into the equation developed by Tolhurst et al. (1999), which was used to 
plot the shear stress curve in Figure 4.2.  Two arrows in Figure 4.2 illustrate substituting the 
interpolated pressure into the shear stress equation to get τoCr. 
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Figure 4.2: Representative raw CSM data and data analysis. 
 
4.3  Results and Discussion 
 The results of the guar gum and kaolinite mixtures with DI water, as well as the results of 
the xanthan gum and kaolinite mixtures with DI water are provided in Figure 4.3.  For this 
figure, the initial water contents for all specimens were 180%, and the liquid limit values are 
adapted from Nugent et al. (2009).  Except for the 0.015 and 0.020 Rbm xanthan gum mixtures, 
the specimens were able to support the weight of the water filled sensor head needed to 
successfully complete the CSM tests.  The two high concentration xanthan gum mixtures were 
too fluid to support the water filled sensor head, so valid τoCr or water content data could not be 
collected. 
 Results for guar gum and kaolinite mixtures with varying void ratios are provided in 
Figure 4.4, and xanthan gum and kaolinite mixtures with background cations results are 
illustrated in Figure 4.5.  Figure 4.6 contains the results for guar gum and kaolinite mixtures with 
background cations.   For the xanthan gum and guar gum specimens with background cations, 
























































   
 
Figure 4.3: Erosional resistance as a function of biopolymer concentration.  Liquid limit 
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mixtures mentioned above, the plain kaolinite with 0.1 M Ca(NO3)2, 0.2 M NaCl, 0.01 M NaCl, 
0.01 M KCl, and 220% initial w specimens were unable to support the weight of the water filled 
sensor head, so valid τoCr and w data could not be collected.  However, all the other specimens 
were successfully tested. 
4.3.1  Biopolymer Mixtures with DI Water and 180% Initial Water Content 
As shown in Figure 4.3, erosional resistance for 0.015 and 0.020  Rbm guar gum mixtures 
is increased by a factor of nine over kaolinite on its own, while 0.005 and 0.010 Rbm xanthan gum 
mixtures increase erosional resistance by 1.5 times.  Water contents for all the specimens 
illustrated in Figure 4.3 fell within 178% ± 4%.  This reveals that little consolidation occurred 
and that these specimens all have approximately the same void ratio. 
 Figure 4.3 shows a clear relationship between τoCr and the liquid limit for guar gum.    
Nugent et al. (2009) demonstrated that the liquid limit of a guar gum and clay mixture increases 
as the biopolymer concentration increases because the guar gum boosts the pore fluid viscosity.  
Since viscosity is a measure of the shear resistance of a fluid, increased pore fluid viscosity leads 
to greater shear resistance of the overall mixture.  In addition, most soils have an undrained shear 
strength of 1.7-2.0 kPa at the liquid limit (Sharma and Bora 2003), and undrained shear strength 
is a function of water content (Zentar et al. 2009).  Thus, a sediment with a higher liquid limit 
will generally have a higher undrained shear strength for a given water content.  Watts et al. 
(2003) illustrated a positive correlation between fall cone measured sediment shear strength and 
τoCr.  As a result, the relationship between τoCr and the liquid limit is the result of both 
Casagrande cup and CSM tests indirectly measuring sediment shear strength. 
 Also shown in Figure 4.3 is a correlation between τoCr and the liquid limit for the 0.005 
and 0.010 Rbm xanthan gum mixtures, although this correlation is muted compared to the guar 
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gum mixtures.  Xanthan gum was also demonstrated by Nugent et al. (2009) to increase the 
liquid limit by increasing the pore fluid viscosity.  However, Nugent et al. (2009) revealed that 
aggregation caused by xanthan gum at intermediate concentrations reduces the liquid limit to 
below that of the clay with no biopolymer added.  For these intermediate concentrations, the 
aggregation effect overpowers the pore fluid viscosity effect, while viscosity effects overpower 
aggregation effects at low and high concentrations.   
Further, Garrels (1951) demonstrated that the water velocity needed to remove particles 
from sediment surfaces dramatically decreases as particle size increases for particles smaller than 
0.5 mm.  The fact that the 0.015 and 0.020 Rbm xanthan gum mixtures were too fluid and weak to 
measure their erosional resistance, along with the sediment shear strength and τoCr correlation 
provided by Watts et al. (2003), show that these higher concentration xanthan gum mixtures have 
a significantly reduced erosional resistance.  Altogether, this suggests that biopolymer induced 
aggregation negatively affects erosional resistance in xanthan gum mixtures with concentrations 
greater than 0.010 Rbm. 
 Nugent et al. (2009) also noted that nanoscale interaction between biopolymer strands 
and clay particles serves to change the liquid limit.  Specifically, they found that at biopolymer 
concentrations with similar pore fluid viscosities, guar gum raises the liquid limit much higher 
than xanthan gum.  This was explained as a result of the guar gum and kaolinite forming an 
extensive hydrogen bonding network.  Xanthan gum and kaolinite interacted little since xanthan 
gum’s negative charge and the overall negative charge kaolinite particles possess at solution pH 
greater than 2.35 (Alkan et al. 2005) caused electrostatic repulsion that minimized any bonding.  
A similar effect is demonstrated by the CSM results.  Both the 0.020 Rbm guar gum mixture and 
the 0.005 Rbm xanthan gum mixture have zero shear rate pore fluid viscosities of about 30 Pa∙s 
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(Whitcomb et al. 1980; Milas et al. 1985).  However, the 0.020 Rbm guar gum mixture has a τoCr 
six times greater than the 0.005 Rbm xanthan gum mixture.  This disparity is the result of the guar 
gum and kaolinite forming a hydrogen bonding network, while the xanthan gum and kaolinite 
electrostatically repel each other. 
4.3.2  Guar Gum Mixtures with DI Water and Varying Initial Water Content 
As noted above, post consolidation w for the 180% initial w series in Figure 4.4 fell 
within 178% ± 4%, which reveals that little consolidation occurred and that these specimens 
have approximately the same void ratio.  The 200% initial w series had final water contents of 
200% ± 5% when excluding the 0.005 Rbm mixture that had a 187% w.  Final w for the 220% 
series were 215% ± 5% when excluding the 0.005 Rbm mixture 186% w.  Overall, the mixtures 
cover a range of void ratios from 4.58 to 5.79. 
 The previous section demonstrated that guar gum increases τoCr by increasing pore fluid 
viscosities and by forming an extensive hydrogen bonding network between guar gum molecular 
strands and kaolinite platelets.  Figure 4.4 shows that these effects serve to improve erosional 
resistance across a variety of w and void ratios.  There is notable separation between the points 
for 0.010, 0.015, and 0.020 Rbm, with void ratio increases of 9% producing approximately 25% 
decreases in τoCr.  Mixtures with 0.005 Rbm concentration show less separation because self-
weight consolidation of these mixtures brought their final void ratios closer together.  Reddi and 
Bonala (1997) suggested that part of a clay’s ability to resist erosion is due to particle 
interlocking.  Higher void ratio clays would have less particle interlocking than lower void ratio 




   
4.3.3  Xanthan Gum Mixtures with Calcium and Sodium Background Cations 
 Figure 4.5 demonstrates the effects of background cations on xanthan gum and kaolinite 
mixtures.  As discussed previously, high concentration xanthan gum mixtures with no 
background cations have reduced erosional resistance due to biopolymer induced aggregation.  
Also, even when controlling for pore fluid viscosity, xanthan gum produces much less 
improvement in erosional resistance.  This disparity is the result of the guar gum and kaolinite 
forming a hydrogen bonding network, while the xanthan gum and kaolinite electrostatically repel 
each other.   
However, Nugent et al. (2009) found that adding calcium cations to the pore fluid allows 
the formation of ionic cross-links between anionic xanthan gum strands and kaolinite platelets.  
For the CSM tests, 0.1 M Ca(NO3)2 was used to produce cross-links, and 0.2 M NaCl was used 
to balance negative charges without producing cross-links.  Initial w for all mixtures shown in 
Figure 4.5 was 180%.  The 0.1 M Ca(NO3)2  series had final water contents of 166% ± 8%, and 
the 0.2 M NaCl series had final water contents of 172% ± 8%. 
 The relationship between clay liquid limits and τoCr are also demonstrated by the results 
in Figure 4.5.  This effect is seen with the kaolinite that has no biopolymer since the two muds 
with salts were too weak to be measured, while the mud without a background salt could be 
measured.  Salts serve to reduce the liquid limit by reducing the size of the electric double layer, 
and the reduction in the liquid limit is reflected in the reduction in the erosional resistance.  
Xanthan mixtures with 0.015 and 0.020 Rbm and with background cations have significantly 
higher τoCr than the mixtures without background cations.   
Xanthan gum possesses hydroxyl groups that can form a hydrogen bonding network 
similar to that produced by guar gum if the negative electrostatic charge of the xanthan gum 
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strands are overcome.  This hydrogen bonding network brings the τoCr of the high concentration 
xanthan gum mixtures closer to the τoCr of the high concentration guar gum mixtures.  
Additionally, both the sodium and calcium salt solutions produced visible dispersion of the 
xanthan gum and kaolinite mixtures compared to mixtures made with DI water.   
Goldberg and Glaubig (1987) showed that lowering the pH of a dispersed clay 
suspension can cause the clay to aggregate since a lower pH makes the clay more sensitive to the 
presence of salts.  However, the fact that added salts caused dispersion demonstrates that the 
aggregation caused by xanthan gum is not likely the result of xanthan gum reducing mixture pH.  
Further, the cross-links produced by calcium cations visibly increase the number of aggregates in 
the muds relative to the muds made with sodium cations.  As aggregation reduces τoCr,  the 0.1 M 
Ca(NO3)2 series had smaller τoCr values than the 0.2 M NaCl series, even though the 0.2 M NaCl 
series generally had a higher final water content than the 0.1 M Ca(NO3)2 series. 
4.3.4  Guar Gum Mixtures with Sodium and Potassium Background Cations 
Effects of background cations on guar gum and kaolinite mixtures are demonstrated by 
the results in Figure 4.6.  Nugent et al. (2009) revealed that potassium cations in the pore fluid of 
guar gum and kaolinite mixtures increase the adsorption of guar gum on kaolinite platelet 
surfaces.  This adsorption reduces the liquid limit through increased aggregation.  To correct for 
electric double layer effects, they compared the mixtures with potassium cations to mixtures with 
the same concentration of sodium cations, since sodium cations would induce the same electric 
double layer effects as potassium without the increase in adsorption.   
For the CSM tests, 0.01 M KCl was used to increase guar gum adsorption on kaolinite 
particle surfaces, and 0.01 M NaCl was used to induce the same changes in electric double layer 
effects without modifying adsorption.  Initial w for all mixtures shown in Figure 4.6 was 180%.  
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The 0.01 M KCl  series had final water contents of 180% ± 4% when excluding the 0.005 Rbm 
mixture that had a 165% w.  The 0.01 M NaCl series had final water contents of 181% ± 3% 
when excluding the 0.005 Rbm mixture that had a 172% w. 
 Again, the data in Figure 4.6 show that erosional resistance is reduced by increasing 
aggregation and by reducing the size of the electric double layer around kaolinite particles.  
Except for the 0.005 Rbm mixtures, the mixtures with background cations had a lower τoCr than 
the mixtures with just DI water.  The 0.005 Rbm mixtures with background cations had lower 
water contents than the 0.005 Rbm mixture with just DI water due to self-weight consolidation, 
which helped increase the erosional resistance of the mixtures with background cations.  For the 
0.005, 0.010, 0.015, and 0.020 Rbm mixtures, the mixture at a given Rbm with potassium cations 
had a lower τoCr than the mixture with sodium cations because of increased aggregation as a 
result of increased biopolymer adsorption. 
4.4  Practical Applications 
 Guar gum and xanthan gum that are added to hydraulically pumped dredged sediment 
can potentially improve resistance to erosion in wetlands, while likely minimizing environmental 
damage.  Their non-toxicity should also allow plant growth that greatly stabilizes the soil.  The 
biopolymer can easily be added to the sediment through a hydraulic dredge’s slurry pump, where 
it can be completely mixed with the sediment by the slurry output pipe’s turbulence.   
Although xanthan gum shows poor results in mixtures with no background cations added, 
natural sediments are unlikely to be so ion poor.  Thus, the xanthan gum mixtures with 
background cations added are more representative of the improvements that can be expected in 
practice.  This study demonstrates that the addition of guar gum or xanthan gum to newly placed 
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slurry could substantially reduce wetland erosion. This is because both can raise erosional 
resistance by almost one order of magnitude.  
Also note that the pore fluid viscosity, aggregation, hydrogen bonding, electrostatic 
repulsion, cross-linking, and adsorption mechanisms described are not interactions exclusive to 
kaolinite.  For example, Ma and Pawlik (2007) found that guar gum forms hydrogen bonds with 
many minerals, including kaolinite.  Therefore, it is possible to extrapolate the results for 
kaolinite to other clays.  However, more study is needed to fully characterize these interactions 
across a broad range of biopolymers and sediments. 
4.5  Conclusions 
 This study involved performing CSM tests on a kaolinite clay with differing biopolymer 
concentrations, void ratios, and background cations to see how the interaction of these materials 
would affect its resistance to erosion.  Two polysaccharides, similar to natural soil EPS, were 
used.  The polysaccharides included the neutral, plant derived guar gum and the anionic bacterial 
exopolymer xanthan gum.  The following conclusions can be made from the results of the tests: 
 As Casagrande cup and CSM tests both indirectly measure shear strength, the results of 
both tests are linked. 
 Increasing biopolymer concentration increases the pore fluid viscosity, and this leads to 
increased erosional resistance. 
 Biopolymer induced aggregation negatively effects erosional resistance. 
 For a given pore fluid viscosity, guar gum produces substantially more erosional 
resistance than xanthan gum in DI water since guar gum establishes a hydrogen bonding 
network between guar gum strands and kaolinite particles. 
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 Increasing biopolymer concentration increases erosional resistance across void ratios 
over the range of 4.58 to 5.79. 
 Void ratios greater than the minimum tested value of 4.58 lead to reduced erosional 
resistance due to reduced particle interlocking. 
 Cations in the pore fluid will balance the negative charge of xanthan gum strands and 
allow xanthan gum to establish a hydrogen bonding network between xanthan gum 
strands and kaolinite particles.  This significantly improves the erosional resistance of 
xanthan gum mixtures. 
 Cations that cause biopolymer cross-linking increase aggregation, and this marginally 
reduces the erosional resistance of the mud. 
 Cations that cause increased biopolymer adsorption on kaolinite particles increases 
aggregation, and this also marginally reduces the erosional resistance of the mud. 
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5.1  Introduction 
Subsidence, the reduction in land height due to soil consolidation, and erosion, the 
removal of sediment by currents or flows, threaten many estuaries and bays in the US.  Coastal 
wetlands and cities in Louisiana are especially vulnerable, with subsidence reducing land height 
by 5-10 mm per year (Tornqvist et al. 2008) and with erosion destroying one acre of land every 
24 minutes (Fischetti 2001).  One common method for rapidly rebuilding lost wetlands is 
hydraulic dredging and placing the material on subsiding marshes or creating new marshes in 
open water.  However, the high water content slurry deposited by hydraulic dredging is very 
compressible with low shear strength, and this poor stability makes freshly deposited slurry 
susceptible to subsidence and erosion. 
Although there are many soil amendments that can reduce compressibility and improve 
shear strength, such as lime and Portland cement, these soil stabilizers are often caustic or toxic.  
The large scale and environmentally sensitive nature of wetland restoration projects makes these 
traditional amendments too risky to use.  Additionally, Tengbeh (1993) demonstrated that grass 
roots can provide a five-fold increase in shear strength over a wide range of water contents, and 
de Baets et al. (2007) showed that plant roots can increase surface erosion resistance.  Therefore, 
any compound used for improving slurry stability must not inhibit or slow plant growth, since 
plants are also important for increasing sediment stability.   
A possible solution to this problem is the use of exopolymers as a soil amendment.  
Exopolymers are an important component of biofilms formed by bacterial micro-communities in 
soil (Sutherland 2001).  These exopolymers are manufactured and secreted by bacteria to protect 
                                                          
 *Material reprinted from Nugent et al. (2011b) posted ahead of print with permission from the ASCE.  
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themselves from predators and to make the environment more hospitable (Maier et al. 2000).  
Most of these exopolymers are high molecular weight polysaccharides.  They affect soil behavior 
and engineering properties because they contain chemically active, electrically charged groups 
that especially interact with high surface area and electrically charged clay minerals (Sutherland 
2001).  General interest in improving soils through other biological processes, such as 
biocementation and bioclogging, has also been increasing (Ivanov and Chu 2008; Mitchell and 
Santamarina 2005).   
Recent studies have successfully demonstrated that exopolymers on sediment surfaces 
greatly increase sediment erosional resistance (Widdows et al. 2006; Yallop et al. 2000).  Along 
with the Widdows et al. (2006) field study on intertidal mudflats that showed a strong correlation 
between the sediment’s production and quantity of EPS to the newly placed sediment’s stability, 
Dade et al. (1990) proved that Alteromonas atlantica builds a biofilm that increases critical shear 
velocity necessary for sand erosion.  Additionally, Çabalar and Çanakci (2005) discovered that 
the addition of xanthan gum to Leighton Buzzard sand greatly increased the sand’s shear 
strength.  Chenu and Guérif (1991) found that air-dried strips of kaolinite and montmorillonite 
clay minerals developed significantly increased tensile strength after being combined with EPS, 
and Martin et al. (1996) showed an increase in strength of low plasticity clayey silt when it was 
combined with xanthan gum.  Also, Nugent et al. (2009) produced a preliminary study on how 
the nanoscale interactions between kaolinite and two EPS analogues, guar gum and xanthan 
gum, change the kaolinite’s liquid limit, and they showed that increases in the liquid limit imply 
increases in the undrained shear strength under high water content conditions. 
Therefore, to combat the problem of wetland subsidence and erosion, Louisiana State 
University (LSU) is studying methods for bioengineered sediment stabilization with low 
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environmental impact.  Cohesive sediments are the primary focus of this investigation since the 
Lower Mississippi River Basin and the Northern Gulf Coast primarily consist of cohesive, fine-
grained sediments.  Attention is directed towards soil improvement by amending the sediment 
with exopolymers.  Specific exopolymers being tested are guar gum and xanthan gum.   
The World Health Organization (1975; 1987) performed toxicity studies for guar gum 
and xanthan gum and found that they do not represent a hazard to health and that there was no 
need to establish an acceptable daily intake of the substances.   Further, Sandford et al. (1984) 
established that both guar gum and xanthan gum are used in agricultural fertilizers and feed 
supplements with no harm to the environment. With this in mind, these two exopolymer analogs 
show little evidence in causing environmental harm should they be used for sediment stability.  
However, it must be proved that application of these two exopolymer analogs at the 
concentrations recommended in this dissertation will be environmentally benign. 
This chapter provides the results of a battery of 1D consolidation tests performed on a 
kaolinite clay.  Guar gum, an electrostatically neutral plant polysaccharide, and xanthan gum, an 
anionic bacterial extracellular polysaccharide, were used as exopolymer analogues.  These two 
biopolymers were added to the kaolinite to produce mixtures of biopolymer and kaolinite with 
varying concentrations.  Qualitative changes in the overall consolidation properties of the 
mixtures were related to the nanoscale interactions between kaolinite particles and molecular 
biopolymer strands.  Potential applications were then discussed. 
5.2  Materials and Methods 
This study used a relatively pure, untreated, kaolinite clay sample, which was purchased 
from Theile Kaolin Company.  Ninety-eight percent by weight (wt.%) of the sample was made 
up of particles smaller than 2 μm.  The average specific surface area measured 20-26 m
2
/g.  The 
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specific gravity was 2.63 (Flick 1989).  Kaolinite particles possess an overall negative charge at 
solution pH greater than 2.35 (Alkan et al. 2005).   
Two EPS analogs were also used.  The guar gum (Laboratory Grade) was purchased from 
Fisher Scientific.  The xanthan gum (NF Grade) was purchased from Spectrum Chemical 
Manufacturing Corporation.  These EPS analogs are more thoroughly described below.   
5.2.1  Guar Gum 
This neutral polysaccharide comes from Cyamopsis tetragonoloba seeds.  It has a high 
molecular weight, measuring up to 2 × 10
6
 Da (Risica et al. 2005).  Mannose molecules linked 
with β-1,4 bonds form its polymer backbone, with a single galactose bonding to every second 
mannose (Whistler and Smart 1953).  Guar gum can form hydrogen bonds through its many 
hydroxyl (-OH) groups.  The neutral charge of guar gum is due to its lack of ionizable carboxylic 
acid (-COOH) groups.  It is possible for the hydrogen in hydroxyl groups to dissociate, but this 
process requires a surrounding solution with very high pH (Bruice 2004).   
Although guar gum is not microbially produced, it can produce viscous, pseudoplastic 
aqueous solutions like a neutrally charged microbial EPS.  This ability is the result of its high 
molecular weight and extensive, hydrogen bonding promoted chain hyperentanglements 
(Goycoolea et al. 1995; Cheng et al. 2002).  Hyperentanglements are a type of intermolecular 
association (Rao 2007).  Guar gum’s availability, inexpensiveness, and ability to increase 
aqueous systems’ viscosity give it commercial significance (Whitcomb et al. 1980). 
5.2.2  Xanthan Gum 
This anionic polysaccharide is produced by the bacteria Xanthomonas campestris 
(Sutherland 1994).  Its molecular weight generally ranges from 0.9 to 1.6 × 10
6
 Da, with the 
exact weight determined by the bacterial strain and the physiological environment surrounding 
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the bacteria during production (Sutherland 1994).  Glucose molecules linked with β-1,4 bonds 
make up the xanthan gum polymer backbone, with a mannose-glucuronic acid-mannose side 
chain attached to every second glucose (Hassler and Doherty 1990).  The mannoses are typically 
modified by adding an O-acetyl group to the mannose closest to the backbone of the glucose and 
by adding a pyruvate ketal to the mannose furthest from the glucose backbone in a proportion 
that also depends on the strain of the bacteria and the physiological environment (Sutherland 
1994).   
Hydrogen atoms of xanthan gum easily dissociate from carboxylic acid (-COOH) groups 
to form carboxylate (-COO
-
) anions (Bruice 2004).  Hydrogen dissociation from carboxylic acid 
groups on the glucuronic acid and pyruvate give xanthan gum its anionic charge.  Xanthan gum 
can also form hydrogen bonds with its numerous hydroxyl (-OH) groups.  Small amounts of 
xanthan gum significantly increase an aqueous system’s viscosity, which makes it a commonly 
used commercial substance (Hassler and Doherty 1990).  However, since the xanthan gum 
solution is pseudoplastic, its viscosity decreases with an increased shear rate (Milas et al. 1985).  
5.2.3  Preparation of Biopolymer and Clay Mixtures 
Because the water content of saturated clay decreases during consolidation, and because 
clay water content will vary in nature for many reasons, biopolymer concentration cannot 
usefully be described in terms of pore solution concentration.  Instead, the concentration is 
described in terms of the ratio of dry biopolymer mass to the sediment dry mass.  This 
concentration is called the biopolymer mass ratio, or Rbm.   
To create homogeneous biopolymer and kaolinite mixtures with a desired biopolymer 
concentration, the amount of dry kaolinite needed for the test was estimated, and then the 
required dry mass of biopolymer was calculated by multiplying the dry kaolinite mass by the 
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wanted Rbm.  The dry biopolymer powder was next dissolved into a small amount of 
distilled/deionized (DDI) water through a physical mixing procedure, rather than using a 
chemical means, since physical mixing would be preferred for large-scale field applications.  
Clumping was prevented in low concentration solutions by slowly adding, over several minutes, 
biopolymer powder to liquid that was stirred by a stir bar.  Remaining biopolymer powder 
clumps in higher concentration solutions were broken down by an immersion blender to 
homogenize the solution.   
After making the homogenized biopolymer solution, the previously set mass of dry 
kaolinite was added to the solution and gently stirred by hand with a spatula to moisten the 
kaolinite powder.  Additional DDI water was mixed into the biopolymer and kaolinite mixture 
until the mixture was a fluid slurry.  The immersion blender was then used to ensure that the 
slurry was homogenized.  This slurry was used immediately or stored in a 4 °C refrigerator to 
minimize biological degradation.  Refrigerated slurries were tested after they warmed to room 
temperature (approximately 22 °C). 
For the consolidation tests, kaolinite without biopolymer, guar gum and kaolinite 
mixtures with concentrations of 0.005, 0.010, 0.015, and 0.020 Rbm, and xanthan gum and 
kaolinite mixtures with concentrations of 0.005, 0.010, 0.015, and 0.020 Rbm were used.  After 
each test, the water contents were measured according to ASTM standard D 2216 (ASTM 2006).  
Since the biopolymers are high molecular weight polysaccharides, they do not volatilize at 110 ± 
5 °C in the drying oven.  As an example of how high molecular weight polysaccharides resist 
volatilization, wood that largely consists of high molecular weight polysaccharides (Sjötröm 
1993) does not appreciably volatilize until the temperature is above 300 °C (U.S. 2007).  This 
results in the biopolymer adding to the solid fraction of the water contents and void ratios. 
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5.2.4  Test Apparatus and Methods 
 The 1D consolidation tests were performed in accordance with ASTM D 2435 (ASTM 
2006) using a GeoJac ICON automated load frame manufactured by Geotechnical Test 
Acquisition and Control.  As seen in Figure 5.1, clay and biopolymer mixtures required 
considerable time to finish primary consolidation when a 25.4 mm (1 in.) specimen ring was 
used.  In order to accelerate the tests, a 12.7 mm (1/2 in.) tall and 63.5 mm (2.5 in.) diameter 
specimen ring was used, instead.   
Since the materials tested were slurries, they were loaded into the machine by first 
placing a porous stone with a filter paper into the consolidation cell.  Then the specimen ring was 
aligned on top of the porous stone.  A spatula was next used to place portions of slurry into the 
center of the ring, while being careful not to trap any bubbles of air.  Once the ring was full, the 
top surface of the slurry was flattened using a straightedge.   
The load schedule started at a vertical effective stress σvo′ of 23.94 kPa (500 psf) and 
increased to 766.08 kPa (16000 psf) for a total of six steps with a load increment factor of one, 
except for the third step.  The third step used a 100 kPa (2088.54 psf) load instead of 95.76 kPa 
(2000 psf).  A 100 kPa load allows the results to be compared against the intrinsic compression 
line (ICL) developed by Burland (1990).  The ICL is relevant since it was created to describe the 
behavior of reconstituted soils made from a slurry.   
For each test, the first load increment was held for 500 minutes, and every load after the 
first was held for 400 minutes.  Data for each load increment was analyzed using the log-time 
method.  The void ratio e at the end of primary consolidation, coefficient of consolidation cv, 
hydraulic conductivity k, and coefficient of secondary compression Cαε were computed for each 
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load, while the normal compression index Cc and hydraulic conductivity change index Ck was 
determined for the mixture. 
5.3  Results and Discussion 
 The results of 1D consolidation tests for kaolinite with no biopolymer and for guar gum 
and kaolinite mixtures are illustrated in Figure 5.2, Figure 5.3, Figure 5.4, Figure 5.5, Figure 5.6, 
and Figure 5.7.  Figure 5.2 illustrates the e versus σvo′ deformation curves, and Figure 5.3 has the 
associated e versus cv data.  Figure 5.4 shows Cαε versus Rbm for representative vertical loads, and 
Figure 5.5 has example ε versus t curves to show how creep changes over different vertical 
loads.  Figure 5.6 depicts the calculated e versus k, and Figure 5.7 compares the consolidation 
results to the ICL.  Note that a point for the 23.94 kPa load of 0.020 Rbm guar gum mixture is 
missing in each figure because the slurry did not reach the end of primary consolidation by the 
end of the load increment.   
The 1D consolidation test results for kaolinite with no biopolymer and for xanthan gum 
and kaolinite mixtures are illustrated in Figure 5.8, Figure 5.9, Figure 5.10, Figure 5.11, Figure 
5.12, and Figure 5.13.  These figures exhibit the e versus σvo′ deformation curves, e versus cv, Cαε 
versus Rbm for representative loads, example ε versus t curves, calculated e versus k, and 
comparison against the ICL, respectively.  Table 5.1 provides Cc and Ck for guar gum and 
kaolinite mixtures as well as xanthan gum and kaolinite mixtures. 
Table 5.1: Fitted line data for guar gum and kaolinite mixtures and xanthan gum and 
kaolinite mixtures. 
 
Guar Gum Mixtures Xanthan Gum Mixtures 
Rbm Cc Ck Cc Ck 
0.000 0.617 1.059 0.617 1.059 
0.005 0.422 0.637 0.644 0.573 
0.010 0.548 0.520 0.638 1.887 
0.015 0.662 0.732 1.058 2.178 
0.020 0.638 1.116 1.029 2.564 
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Figure 5.1: Strain vs. time for a 0.020 Rbm xanthan gum mixture under 23.94 kPa (500 psf) 
vertical load by ring height. 
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Figure 5.4: Coefficient of secondary compression vs. biopolymer mass ratio for guar gum 






























































































   
 

























































































Hydraulic Conductivity k (m/s) 
No Guar 0.005 0.010 0.015
0.020 Log. (No Guar) Log. (0.005) Log. (0.010)
Log. (0.015) Log. (0.020)
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Figure 5.7: Void index vs. vertical effective stress for guar gum and kaolinite mixtures.  




















































































































   
 





Figure 5.10: Coefficient of secondary compression vs. biopolymer mass ratio for xanthan 
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Figure 5.13: Void index vs. vertical effective stress for xanthan gum and kaolinite mixtures.  
ICL is from Burland (1990). 
 
5.3.1  Guar Gum and Kaolinite Mixtures 
Figure 5.2 and Table 5.1 demonstrate that a 0.005 Rbm guar gum and kaolinite mixture 
has a lower compressibility than just kaolinite.  The compressibility increases with greater guar 
gum concentrations up to 0.015 Rbm, where additional guar gum results in little further change.    
Ma and Pawlik (2007) explained that guar gum forms hydrogen bonds directly with 
kaolinite surfaces.  Additionally, Podsiadlo et al. (2007) showed that hydrogen bonding between 
organic polymers and clay particles can result in a highly linked clay-polymer network.  At 0.005 
Rbm, the guar gum appears to attach to kaolinite particles and form a highly linked network that 
increases the stiffness of the overall system by 31.6% over kaolinite on its own.  At 0.005 and 
0.010 Rbm, guar gum also serves to lower the end of primary consolidation e at small vertical 




















































   
  At low loads, small quantities of guar gum can fill voids in the kaolinite fabric and lower 
the void ratio relative to raw kaolinite, while the increased stiffness allows for a more porous 
structure relative to raw kaolinite at high stresses.  However, as Rbm increases, guar gum 
displaces more particles of kaolinite, and the negative effects of this displacement take hold.  
Although guar gum contributes to the solid volume used to calculate e, it does not contribute to 
the rigidity of soil pores in the same fashion as additional clay particles.  This causes an increase 
in Cc for 0.010, 0.015, and 0.020 Rbm mixtures relative to the 0.005 Rbm mixture. 
 Increases in compressibility are also demonstrated in increases in Cαε.  This is illustrated 
in Figure 5.4.  Figure 5.4 shows that Cαε is significantly increased in 0.015 and 0.020 Rbm 
mixtures at low vertical effective stress.  Kaolinite with no biopolymer, however, displays the 
expected behavior of a reasonably constant and small Cαε, and low concentration mixtures show 
only negligible change in creep.   
Wang and Xu (2007) demonstrated that secondary compression is a continuation of the 
soil skeleton deformation that occurs during primary consolidation.  Cc is relatively high for 
0.015 and 0.020 Rbm mixtures due to the reduced rigidity of guar gum.  Therefore, it follows that 
the increase in secondary compression in high Rbm mixtures is the result of the continued strain 
of molecular guar gum strands.   
Figure 5.5 demonstrates how Cαε is reduced for high vertical effective stresses in high 
concentration guar gum mixtures.  This suggests that large vertical stresses accelerate soil 
skeleton deformation in high Rbm mixtures.  Thus, most of the increase in strain due to guar gum 
will occur during primary consolidation at high loads, and this leaves the secondary compression 
behavior more similar to just kaolinite.  Small changes in creep for low concentration mixtures 
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can also be explained with this mechanism.  Low guar gum concentrations mean that the guar 
gum may rapidly finish deforming, even under low loads. 
 Figure 5.6 provides the change in k for different void ratios and Rbm.  Table 5.1 shows Ck 
values.  The hydraulic conductivity generally decreases with increasing vertical effective stress 
for just kaolinite and all of the guar gum and kaolinite mixtures.  This behavior is because k 
generally decreases as e decreases.   
Figure 5.6 also shows that k is only slightly changed with a guar gum concentration of 
0.005 Rbm, but k is reduced for guar gum concentrations of 0.010 Rbm and greater.  However, this 
reduction does not become greater with concentrations over 0.015 Rbm.  Because small increases 
in guar gum solution concentrations induce order of magnitude increases in the zero shear rate 
dynamic viscosities of the solutions (Whitcomb et al. 1980), the pore fluid viscosity of the 0.005 
Rbm guar gum and kaolinite mixture would be significantly higher than kaolinite with no 
biopolymer.  There would be a similar increase in pore fluid viscosity as Rbm increases from 
0.015 to 0.020.  For both of these cases, the change in k is minimal.  The reduction in k is, 
therefore, probably not a result of increasing the pore fluid viscosity but caused by guar gum 
physically blocking or constricting pore spaces.  At a concentration of 0.005 Rbm, the guar gum 
has not blocked enough pore spaces to significantly impact hydraulic conductivity.  At 0.015 
Rbm, k has been reduced by two orders of magnitude, and all pore spaces available for guar gum 
to block have been filled.   
This reduction in hydraulic conductivity also means that the rate of consolidation has 
been dramatically reduced.  Figure 5.3 shows order of magnitude reductions in cv that correspond 
to reductions in k.  Note that cv increases as the void ratio decreases for a given mixture for all 
mixtures tested.  The coefficient of compressibility for each mixture decreases much faster than 
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the decrease in hydraulic conductivity for each mixture.  Since this behavior is observed in the 
kaolinite on its own, it is an underlying property of the clay tested and not a result of the added 
biopolymer. 
Figure 5.7 provides a comparison between the compressibility results and Burland’s 
(1990) ICL.  Kaolinite and guar gum mixtures of all concentrations very closely follow the ICL 
with almost no deviation.  Since the ICL was developed using consolidation data from 
reconstituted clay slurries, Figure 5.7 shows that the normalized consolidation behavior of 
kaolinite and guar gum mixtures does not deviate from the normalized consolidation behavior of 
other clays. 
5.3.2  Xanthan Gum and Kaolinite Mixtures 
 Figure 5.8 and Table 5.1 show the results of consolidation tests on xanthan gum and 
kaolinite mixtures, and they illustrate that the values of Cc for all xanthan gum and kaolinite 
mixtures are greater than the value of Cc for just kaolinite.  Since xanthan gum is anionic, strands 
of xanthan gum repel each other.  Xanthan gum strands also repel particles of kaolinite because 
kaolinite has a slight overall negative charge.  Even though xanthan gum can be adsorbed by 
kaolinite (Dontsova & Bigham 2005) and has the functional groups needed to form hydrogen 
bonds, electrostatic repulsion prevents xanthan gum and kaolinite mixtures from showing the 
same improvements in stiffness demonstrated with guar gum.  For the 0.005 Rbm mixture, the 
xanthan gum is probably at a low enough concentration to avoid interaction with particles of 
kaolinite by occupying voids in the kaolinite fabric.  The result is just a slight change in the 
properties of the mixture. 
Xanthan gum and kaolinite mixtures with a Rbm of 0.010 and above form noticeable 
curves in Figure 5.8, instead of the expected straight normal compression line.  The mixtures 
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with 0.015 and 0.020 Rbm have much higher void ratios at the end of primary consolidation than 
just kaolinite at low loads.  This is likely because the electrostatic repulsion between strands of 
xanthan gum and kaolinite particles allows the mixture to resist low vertical loads, even when 
void spaces are large.  Thus, the electrostatic repulsion acts to reduce the effective stress that is 
applied to the soil skeleton.  At high vertical loads, the electrostatic repulsion is overcome.   
The normal compression lines for the mixtures begin to straighten and demonstrate 
higher compressibility than kaolinite without biopolymer, due to compressible xanthan gum 
replacing stiff kaolinite particles.   Although the 0.010 Rbm mixture does not have a higher e than 
kaolinite with no biopolymer under the loads tested, extrapolating the curve at low loads 
suggests the curve would move above the just kaolinite normal compression line.  The lower 
quantity of xanthan gum in the 0.010 Rbm mixture means that the electrostatic repulsion is 
overcome at very low stresses. 
Figure 5.10 illustrates the changes in creep caused by different concentrations of xanthan 
gum.  The mechanisms for this are similar to the mechanisms for guar gum mixtures with the 
addition of electrostatic repulsion.  At low loads and xanthan gum concentrations of 0.015 and 
0.020 Rbm, Cαε is much greater than for low concentration xanthan gum mixtures.   
Figure 5.11 shows how Cαε is reduced for high Rbm xanthan gum mixtures at high vertical 
load.  Although electrostatic repulsion helps high Rbm xanthan gum mixtures to resist strain 
during primary consolidation, it appears to leave large voids in the soil skeleton that can close 
over time.  For 0.005 and 0.010 Rbm xanthan gum mixtures, Cαε for most loads is slightly greater 
than the values for just kaolinite, but these increases are small compared to the amount of scatter. 
 Changes in xanthan gum and kaolinite mixture hydraulic conductivity are shown in 
Figure 5.12 with Ck values in Table 5.1.  Xanthan gum at a concentration of 0.010 Rbm reduces k 
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by about one order of magnitude, but higher concentrations produce diminishing further 
reductions in hydraulic conductivity.  Like guar gum, small quantities of xanthan gum can 
increase the pore fluid viscosity by orders of magnitude (Milas et al. 1985).  This suggests that 
xanthan gum also lowers k by blocking and constricting voids in the kaolinite fabric, instead of 
by increasing pore fluid viscosity.  As with guar gum, reductions in the hydraulic conductivity 
increase the time required for consolidation with reductions in cv seen in Figure 5.9.  Again, the 
increase in cv with smaller void ratios is a property of the kaolinite used and not the result of 
adding xanthan gum. 
Figure 5.13 provides a comparison between the compressibility results and Burland’s 
(1990) ICL.  Kaolinite and xanthan gum mixtures do not follow the ICL as well as kaolinite and 
guar gum mixtures.  This is because of the unusual curvature in the normal compression lines of 
kaolinite and xanthan gum mixtures.  Since the ICL was developed using consolidation data 
from reconstituted clay slurries, Figure 5.13 shows that the normalized consolidation behavior of 
kaolinite and xanthan gum mixtures does deviate from the normalized consolidation behavior of 
other clays. 
5.3.3  Comparison between Guar Gum and Xanthan Gum Results 
 Differences in the nanoscale mechanisms of interaction between biopolymer and clay 
likely induce significant changes in the macroscale consolidation behavior of the mixture.  Guar 
gum interactions with kaolinite are dominated by hydrogen bonding between molecular guar 
gum strands and kaolinite particles.  Xanthan gum interactions, however, are controlled by 
electrostatic repulsion between molecular xanthan gum strands and kaolinite particles.  The 
resulting contrasts in compression behaviors are illustrated in Figure 5.14.   
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Figure 5.14: Void ratio vs. vertical effective stress for biopolymer and kaolinite mixtures. 
 
Even at the same concentration of 0.005 Rbm, the hydrogen bonding network established 
by guar gum reduces compressibility, but the electrostatic repulsion of anionic xanthan gum 
prevents interaction and negligibly changes compressibility.  At 0.020 Rbm, biopolymer 
displacement of clay particles increases compressibility for both guar gum and xanthan gum 
mixtures.  However, guar gum mixtures simply loose the gains provided by hydrogen bonding, 
while the electrostatic repulsion produced by xanthan gum dramatically increases compressibility 
above the amount for just kaolinite.  Figure 5.14 also highlights the curvature in the compression 
line that is the result of electrostatic repulsion reducing the effective stress on the soil skeleton. 
A comparison of creep behavior between the two biopolymers is provided in Figure 5.15.  
For a given low load and biopolymer concentrations of 0.015 and 0.020 Rbm, Cαε is much greater 
for xanthan gum mixtures than it is for guar gum mixtures at the same concentration.  






























































   
 
Figure 5.15: Coefficient of secondary compression vs. biopolymer mass ratio by vertical 
load and biopolymer. 
 
consolidation to secondary compression.  Both biopolymers only show slight differences in creep 
compared to just kaolinite at low concentrations, but xanthan gum mixtures show a slightly 
greater elevation in Cαε. 
 Figure 5.16 illustrates the hydraulic conductivity of guar gum and xanthan gum mixtures 
at similar concentrations.  Both guar gum and xanthan gum produce a similar reduction in 
hydraulic conductivity at 0.010 Rbm.  Electrostatic charge probably does not cause xanthan gum 
mixture k to diverge from guar gum mixture values until higher concentrations.  Xanthan gum’s 
repulsive electric field prevents it from fitting into smaller pores in the kaolinite fabric, but the 
lack of a repulsive electric field would let guar gum fit into and clog those pores.  The 0.020 Rbm 
guar gum mixture would then have a smaller effective pore size distribution and k than the 0.020 





































Biopolymer Mass Ratio Rbm 
47.88 kPa for Guar
100.0 kPa for Guar
47.88 kPa for Xanthan
100.0 kPa for Xanthan
75 
   
 
 Figure 5.16: Void ratio vs. hydraulic conductivity by biopolymer. 
 
5.4  Practical Applications 
 Changes induced in the consolidation properties of biopolymer and clay mixtures in this 
study show that there are potential uses and limitations for biopolymer amendment of clay.  The 
high viscosities of low concentration biopolymer solutions make biopolymer grouting unfeasible, 
especially for low permeability clay.  Instead, biopolymer would have to be directly mixed into 
the soil to be improved.  In addition, other soil amendments, such as lime, can produce greater 
reductions in compressibility than those demonstrated here with biopolymer amendment. 
 However, both guar gum and xanthan gum are non-toxic polysaccharides, so they have 
the potential to stabilize hydraulically dredged fill used to restore wetlands without 
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additional improvement.  The slurry pump in a hydraulic dredge provides a convenient spot to 
add biopolymer to the sediment, and turbulence in the slurry output pipe can serve to thoroughly 
mix the biopolymer with the sediment.  As seen in the results of this study, a lean guar gum 
concentration of 0.005 Rbm can reduce compressibility with a negligible change in creep and 
almost no decrease in hydraulic conductivity or the rate of consolidation.  This suggests less 
wetland will be lost due to settlement of newly placed slurry. 
Although the electrostatic repulsion of xanthan gum makes it appear to be a poor 
candidate for soil improvement, the results seen in this study are a special case.  Kaolinite has a 
relatively low cation exchange capacity, and DDI water is effectively cation free.  As a result, 
there are virtually no cations to balance xanthan gum’s negative charge.  Natural sediments will 
contain monovalent cations that will balance the negative charges and allow xanthan gum to 
form hydrogen bonds and divalent cations that can form ionic bridges.  Continued study is 
needed to completely characterize the interactions between xanthan gum and kaolinite. 
The reductions in hydraulic conductivity suggest there are uses for biopolymers in clay 
liners.  Biopolymer may be mixed with on-site fine-grained sediments to produce an 
impermeable layer that mimics the effects of bioclogging.  This local sediment layer could 
augment traditional bentonite barriers, but the reduction in hydraulic conductivity could be 
temporary since microorganisms can degrade biopolymers over time.  Reductions in hydraulic 
conductivity also come at the price of increased compressibility and creep, as high 
concentrations of biopolymer are needed to minimize the hydraulic conductivity. 
5.5  Conclusions 
 Consolidation tests were performed on a kaolinite clay with different concentrations of 
biopolymer added to determine how biopolymer and clay interactions can influence the 
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consolidation properties of the mixture.  Guar gum, an electrostatically neutral plant 
polysaccharide, and xanthan gum, an anionic bacterial extracellular polysaccharide, were used in 
this study since they are similar to EPS found naturally in soil.  Based on the results of the tests, 
the following conclusions for guar gum and kaolinite mixtures can be made: 
 At low concentrations, guar gum and kaolinite form a hydrogen bonding network that 
decreases mixture compressibility by up to 31.6%. 
 At high concentrations, solid kaolinite particles are displaced by strands of guar gum.  
Since guar gum is more compressible than kaolinite, compressibility increases.  This 
increase in compressibility will be greater than the reduction in compressibility due to 
hydrogen bonding at high enough concentrations. 
 Increases in compressibility will also be reflected in increases in Cαε, not just Cc. 
 Guar gum reduces hydraulic conductivity by clogging pores.  Since guar gum cannot fit 
in pores of all sizes, this reduction has a limit. 
 Reductions in hydraulic conductivity additionally induce reductions in the rate of 
consolidation. 
The test results also allow the following conclusions to be made for xanthan gum and kaolinite 
mixtures: 
 A hydrogen bonding network with kaolinite cannot be formed by xanthan gum because 
of electrostatic repulsion. 
 Xanthan gum, at very low concentrations, does not interact with kaolinite because it hides 
in pore spaces. 
 Effective stress on the kaolinite skeleton is reduced by electrostatic repulsion when the 
kaolinite and xanthan gum mixtures have a high concentration and low total vertical 
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stresses.  This significantly increases e at the end of primary consolidation and increases 
the rate of creep. 
 For high concentrations and high vertical stresses, xanthan gum and kaolinite mixtures 
show higher compressibility than kaolinite without biopolymer because of biopolymer 
displacement of clay particles. 
 Xanthan gum also reduces hydraulic conductivity by clogging pores.  Since xanthan gum 
strands have an electric field, they are effectively larger than guar gum strands.  This 
prevents xanthan gum from reducing hydraulic conductivity as much as guar gum at high 
concentrations. 
 Reductions in hydraulic conductivity also produce reductions in the rate of consolidation. 
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CHAPTER 6.  DIRECT SHEAR MEASUREMENT OF THE EFFECT OF 
EXOPOLYMERS ON THE SHEAR STRENGTH OF KAOLINITE 
 
6.1  Introduction 
 Direct shear tests and triaxial tests are two common means of measuring the shear 
strength of soils.  However, the predefined shear plane and incomplete control over specimen 
drainage, inherent to direct shear tests, makes undrained shear strength results for clays 
nonconservative.  Consolidation results from Chapter 5 reveal that a complete set of triaxial tests 
would be extremely time consuming, so direct shear tests were performed to rapidly survey the 
effect of exopolymers on the undrained shear strength of kaolinite.  As the specific exopolymer 
and exopolymer concentrations that produce the most shear strength improvement are of greatest 
interest to practicing engineers, the results of a series of direct shear tests would make it possible 
to target fewer triaxial tests on the most important exopolymer and exopolymer concentration.   
For these direct shear tests, guar gum, an electrostatically neutral plant polysaccharide, 
and xanthan gum, an anionic bacterial extracellular polysaccharide, were used as exopolymer 
analogues.  These two biopolymers were added to kaolinite to produce mixtures of biopolymer 
and kaolinite with varying concentrations.  Qualitative changes in shear strength were then 
related to nanoscale interactions between kaolinite particles and molecular biopolymer strands. 
6.2  Materials and Methods 
The guar gum, xanthan gum, and kaolinite that were described in Sections 5.2, 5.2.1, and 
5.2.2 were used for these direct shear tests.  The procedures for performing the direct shear tests 
are described in the following section. 
 6.2.1  Direct Shear Test Apparatus and Methods 
 The direct shear tests were performed based on ASTM D 3080 (ASTM 2006) using an 
automated DigiShear device manufactured by Trautwein Soil Testing Equipment Company.  
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These tests also used biopolymer and clay slurries with a constant Rbm.  The slurries were 
prepared as described in Section 5.2.3.  A modified shear box was used to perform all of the tests 
on the mixtures.   
A stainless steel spacer with holes was placed in the bottom half of the shear box so that 
there was a 3.175 mm (1/8 in.) distance from the specimen bottom to the shear plane.  The top 
half of the box was 9.525 mm (3/8 in.) thick so that the initial specimen height was 12.7 mm (1/2 
in.), and the specimen hole in the box was 63.5 mm (2.5 in.) in diameter.  With the box 
assembled, slurry was loaded into the shear box in a similar fashion to how it was loaded for the 
consolidation tests described in Section 5.2.4.  Since the slurry was highly compressible (50% 
strain is typical), placing the shear plane 3.175 mm above the specimen bottom resulted in the 
specimen getting sheared approximately in the middle.   
For each test, the slurry was initially loaded to 15.80 kPa (330 psf) for 24 hours.  This 
was to stiffen the slurry and reduce extrusion during the next load increment.  The second load 
increment was either 47.88 kPa (1000 psf), 100 kPa (2088.54 psf), 191.52 kPa (4000 psf), or 
287.28 kPa (6000 psf), and the load was held for 24 hours for the specimen to reach the end of 
primary consolidation.  After consolidation, the specimen was sheared at a rate of 0.889 mm/min 
(0.035 in./min) over a distance of 12.192 mm (0.48 in.).   
A 100 kPa load allows the results to be compared against the intrinsic strength line (ISuL) 
developed by Chandler (2000).  The ISuL is relevant since it was created to describe the behavior 
of reconstituted soils made from a slurry.  Specifically, the ISuL describes the shear strength of 
reconstituted soils that are K0 consolidated and then sheared in undrained triaxial compression. 
Direct shear tests apply shear stress along a predefined shear plane and do not have 
complete control over specimen drainage.  Therefore, this direct shear test method does not 
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provide the most conservative measurement of undrained shear strength.  However, the vane 
shear test described in ASTM D 4648 (ASTM 2006) suffers from the same weaknesses, but it is 
still considered valid for measuring undrained shear strength.  Since direct shear tests provide a 
convenient way to consolidate slurries before shear and allow control over the normal stress 
applied, direct shear was used instead of vane shear.  For each test, the undrained shear strength 
su was calculated, and the end of shear e was measured.  The SHANSEP model constant S was 
also calculated for each mixture by plotting su against the initial, pre-shear vertical stress σvo′. 
6.3  Results and Discussion 
 Figure 6.1 and Figure 6.2 show the results of direct shear tests on guar gum and kaolinite 
mixtures, as well as kaolinite without biopolymer, with su vs. σvo′ in Figure 6.1 and a comparison 
of the shear strength data against the ISuL in Figure 6.2.  Table 6.1 gives the S and R
2
 calculated 
from the tests on guar gum and kaolinite mixtures.  The direct shear test results for xanthan gum 
and kaolinite mixtures, as well as kaolinite without biopolymer, are illustrated in Figure 6.3 and 
Figure 6.4, with su vs. σvo′ in Figure 6.3 and a comparison of the shear strength data against the 
ISuL in Figure 6.4.  Table 6.1 also has S and R
2
 calculated from the tests on xanthan gum and 
kaolinite mixtures. 




Guar Gum Mixture Results Xanthan Gum Mixture Results 
Rbm S R
2
 for S S R
2
 for S 
0.000 0.4687 0.9740 0.4687 0.9740 
0.005 0.5276 0.9922 0.4318 0.9850 
0.010 0.4867 0.9522 0.4945 0.9722 
0.015 0.3870 0.9882 0.3334 0.9597 
0.020 0.3442 0.9668 0.2880 0.8299 
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Figure 6.1: Undrained shear strength vs. pre-shear vertical effective stress for guar gum 
and kaolinite mixtures. 
 
 
Figure 6.2: Void index vs. undrained shear strength for guar gum and kaolinite mixtures.  

































































































   
Figure 6.3: Undrained shear strength vs. pre-shear vertical effective stress for xanthan gum 




Figure 6.4: Void index vs. undrained shear strength for xanthan gum and kaolinite 



































































































   
6.3.1  Guar Gum and Kaolinite Mixtures 
 The changes in the undrained shear strength of guar gum and kaolinite mixtures are 
demonstrated in Figure 6.1 and Table 6.1.  Just as the highly linked clay-polymer network in 
0.005 and 0.010 Rbm guar gum mixtures increased their consolidation stiffness, the direct shear 
tests show that S is increased from 0.4687 for kaolinite alone to 0.5276 for 0.005 Rbm guar gum 
mixtures and 0.4867 for 0.010 Rbm guar gum mixtures.  This results in a 12.6% increase in S for 
0.005 Rbm guar gum mixtures.  The gains seen at 0.005 and 0.010 Rbm are lost at concentrations 
of 0.015 and 0.020 Rbm, which is also similar to the consolidation results.   
At 0.005 Rbm, the guar gum is probably able to establish bonds between kaolinite particles 
that would otherwise not interact, raising the shear resistance of the mixture by acting as a kind 
of cement.  However, as the guar gum concentration increases, strands of guar gum likely block 
direct particle to particle contact.  As the friction produced at contact points is what provides 
most of the critical state shear resistance of kaolinite, replacing these direct particle contacts with 
kaolinite platelet to guar gum strand contacts reduces the overall shear resistance.  This is 
because there is comparatively less friction between strands of guar gum and kaolinite particles.  
The effect of this reduction in direct particle to particle contact is especially strong in the 0.020 
Rbm mixture, with an S reduction of 0.1245 compared to kaolinite without biopolymer. 
Figure 6.2 shows how the shear response of the mixtures compares with the ISuL.  
Although there is some scatter, the guar gum and kaolinite mixtures reasonably follow the ISuL. 
Chandler (2000) developed the ISuL using undrained triaxial compression data, so the fact that 
the direct shear data shows slightly higher shear strength at a given void index is not surprising, 
as direct shear tests are typically less conservative than triaxial tests.  Since the ISuL was 
developed using shear strength data from reconstituted clay slurries, Figure 6.2 shows that the 
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normalized shear behavior of kaolinite and guar gum mixtures does not deviate from the 
normalized shear behavior of other clays. 
 The liquid limit test data in Chapter 3 suggested that as the biopolymer concentration 
increases, the dynamic viscosity of the biopolymer solution in the clay pores increases, and the 
shear resistance of the mixture should increase as well.  However, this assertion is contradicted 
by the direct shear results.  Since the shear resistance of a viscous fluid is a function of the rate of 
strain, viscosity effects of the biopolymer solution become more important for rapidly applied 
loads.  A Casagrande cup, which was used in Chapter 3 to measure liquid limits, applies rapid 
impact loads on fine-grained sediment, while the direct shear tests applied a much slower rate of 
strain.  This slower shearing made viscosity effects negligible. 
6.3.2  Xanthan Gum and Kaolinite Mixtures 
 Figure 6.3 and Table 6.1 provide the shear response for the xanthan gum and kaolinite 
mixtures.  Again, the interactions between xanthan gum and kaolinite appear to be similar to 
guar gum interactions with the addition of electrostatic repulsion.   
At 0.005 Rbm, the small quantity of xanthan gum is repelled from the kaolinite and is 
hidden in the voids in the clay fabric.  This xanthan gum still exerts a repulsive force on the 
kaolinite skeleton, causing a slight reduction in the effective normal stress.  Reduced normal 
forces at kaolinite particle contact points result in reduced frictional forces and creates a 7.9% 
reduction in S.   
At 0.010 Rbm, the xanthan gum concentration becomes high enough that there is probably 
no longer room for the xanthan gum strands to avoid interactions with the kaolinite in the clay 
voids.  The normal stresses applied are sufficient to overcome these repulsive forces in a similar 
fashion to the way they are overcome during the consolidation tests in Chapter 5.  Since kaolinite 
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particles typically have a small number of sites with localized positive charges along the particle 
edge, the xanthan gum could potentially form ionic bonds with kaolinite at these sites.  Because 
ionic bonds are substantially stronger than hydrogen bonds, this limited bond network is able to 
overshadow the negative effects of electrostatic repulsion and reductions in direct particle to 
particle contact.  This ionic bond network, instead, seems to increase S over the value for 
kaolinite alone.   
However, continuing to increase the xanthan gum concentration brings electrostatic 
repulsion back as the dominant mechanism of interaction.  Combined with reducing direct 
particle to particle contact, electrostatic repulsion drives S for 0.015 Rbm xanthan gum mixture to 
less than the S for 0.020 Rbm guar gum mixture. 
The high concentration xanthan gum mixtures do not appear to form lines that cross the 
origin in Figure 6.2.  Instead, the 0.015 Rbm xanthan gum mixture wants to cross the horizontal 
axis at 35 kPa, and the 0.020 Rbm xanthan gum mixture wants to cross the horizontal axis at 79 
kPa.  This suggests that at 0.015 and 0.020 Rbm concentrations, electrostatic repulsion reduces the 
effective stress by 35 kPa and 79 kPa, respectively.   
With these deviations in xanthan gum and kaolinite mixture behavior, relative to typical 
clay behavior, and the deviations in xanthan gum mixture consolidation behavior discussed in 
Section 5.3.2, it is no surprise that Figure 6.4 shows results that do not follow expected clay 
behavior.  Figure 6.4 shows how the shear response of the mixtures compares with the ISuL.  In 
addition to some scatter, the xanthan gum and kaolinite mixtures deviate from the ISuL at 0.015 
and 0.020 Rbm.  
Because Chandler (2000) developed the ISuL using undrained triaxial compression data, 
it is again not surprising that the direct shear data shows slightly higher shear strength at a given 
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void index for lower biopolymer concentrations, given the direct shear tests are generally less 
conservative than triaxial tests.  Since the ISuL was developed using shear strength data from 
reconstituted clay slurries, Figure 6.4 shows that the normalized shear behavior of kaolinite and 
xanthan gum mixtures does deviate from the normalized shear behavior of other clays. 
6.4  Conclusions 
To determine how biopolymer and clay interactions can influence the shear strength of a 
mixture, direct shear tests were performed on a kaolinite clay that had different concentrations of 
biopolymer added to it.  In an effort to duplicate natural EPS found in the soil, two different 
polysaccharides, that were similar to the EPS, were used in this study.  These polysaccharides 
were guar gum, which is an electrostatically neutral plant polysaccharide, and xanthan gum, 
which is an anionic bacterial extracellular polysaccharide.  Results of the tests allow the 
following conclusions for guar gum and kaolinite mixtures to be made: 
 The hydrogen bonding network formed by kaolinite and guar gum at low concentrations 
increases critical state shear resistance by up to 12.6%. 
 Kaolinite particle displacement at high guar gum concentrations causes direct kaolinite to 
kaolinite contact points to be replaced with kaolinite to guar gum contact points.  Since 
the coefficient of friction for kaolinite and guar gum contacts are smaller than for 
kaolinite particle to kaolinite particle contacts, critical state shear resistance is reduced.  
Reductions in shear resistance will be more significant than increases in shear resistance 
due to hydrogen bonding at sufficiently high concentrations. 
From the test results, the following conclusions can also be made for xanthan gum and kaolinite 
mixtures: 
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 Electrostatic repulsion prevents xanthan gum from forming a hydrogen bonding network 
with kaolinite.  However, if the electrostatic repulsion is overcome with a sufficiently 
high normal stress, an ionic bonding network can be developed with xanthan gum 
bonding to localized positive charge sites on kaolinite particles. 
 At very low concentrations, xanthan gum is able to avoid interaction with kaolinite by 
hiding in pore spaces.  Even at these low concentrations, there is still a 7.9% reduction in 
shear resistance. 
 Moderate concentrations of xanthan gum can increase the shear resistance beyond the 
value for pure kaolinite due to the ionic bonding network.  
 At high concentration and low total normal stresses, electrostatic repulsion reduces the 
effective stress on the kaolinite skeleton.  This dramatically reduces shear resistance. 
 For high concentrations and high normal stresses, xanthan gum and kaolinite mixtures 
show lower shear resistance than kaolinite without biopolymer for similar reasons as high 
concentration guar gum mixtures. 
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CHAPTER 7.  TRIAXIAL MEASUREMENT OF THE EFFECT OF EXOPOLYMERS 
ON THE SHEAR STRENGTH OF KAOLINITE 
 
7.1  Introduction 
 Interest has been growing in biologically improving soil (Ivanov and Chu 2008; Mitchell 
and Santamarina 2005).  One method receiving attention is the addition of exopolymers to 
sediments.  Exopolymers, or extracellular polymeric substances (EPS), are an important 
component of bacterial biofilms.  Many of these biofilm exopolymers are high molecular weight 
polysaccharides that possess chemically active, electrically charged functional groups 
(Sutherland 2001).  These functional groups interact with sediment particles, especially clay 
minerals, because they have high specific surface areas and electrical charges. 
 Studies by Widdows et al. (2006) and Yallop et al. (2000) illustrated that the erosional 
resistance of sediment surfaces is improved by exopolymers.  Nugent et al. (2010) also showed 
that guar gum added to kaolinite can increase the erosional resistance by almost one order of 
magnitude.  Nugent et al. (2011b) further demonstrated that the stiffness of kaolinite can 
similarly be enhanced when guar gum at a relatively low concentration of 0.005 dry mass 
biopolymer to dry mass clay, or Rbm, is mixed with the kaolinite. 
 This chapter shows the results of CK0U triaxial tests on kaolinite and guar gum mixtures 
with concentrations of 0.0025, 0.0050, 0.0075, and 0.0100 Rbm.  As this range of mixtures best 
shows the potential improvement in stiffness out of the biopolymer and clay mixtures tested by 
Nugent et al. (2011b), the behavior of these mixtures would most interest any practicing 
engineer.  Further, guar gum consistently produces improvements in stiffness and erosional 
resistance without needing cations in the pore fluid, and this makes guar gum a more robust 
choice for soil improvement.  Shear strengths of the mixtures are compared, and qualitative 
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changes in the overall strengths of the mixtures are related to the nanoscale interactions between 
kaolinite particles and molecular guar gum strands.  Potential applications are then discussed. 
7.2  Materials and Methods 
This study involves the use of a kaolinite clay sample.  The sample was obtained from 
Theile Kaolin Company.  Average specific surface area of the kaolinite measured 20-26 m
2
/g, 
and the specific gravity was 2.63 (Flick 1989).  Kaolinite particles possess an overall negative 
charge at solution pH greater than 2.35 (Alkan et al. 2005). 
Guar gum (Laboratory Grade), purchased from Fisher Scientific, was also used.  Guar 
gum is a neutral polysaccharide extracted from Cyamopsis tetragonoloba seeds.  Guar gum 
molecules have weights of up to 2 × 10
6
 Da (Risica et al. 2005), and a major feature of these guar 
gum molecules are their many hydroxyl (-OH) groups.  These functional groups allow guar gum 
molecules to form hydrogen bonds.  Although guar gum is not microbially produced, it can 
produce viscous, pseudoplastic aqueous solutions like a neutral microbial EPS.  Guar gum’s 
availability, inexpensiveness, and ability to increase aqueous systems’ viscosity give it 
commercial significance (Whitcomb et al. 1980). 
7.2.1  Preparation of Triaxial Specimens 
The triaxial tests were performed based on ASTM D 4767 (ASTM 2006), using the 
automated TruePath system manufactured by Trautwein Soil Testing Equipment Company.  To 
begin testing, a slurry was prepared using the procedures described in Nugent et al (2011b).  In 
turn, nine slurries were made for testing.  These consisted of plain kaolinite and kaolinite with 
Rbm of 0.0025, 0.0050, 0.0075, and 0.0100, each having a water content of approximately 190%.  
The raw slurry could not be directly tested because the triaxial cell requires solid material. 
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  To prepare the slurry for use in a triaxial cell, a 76.2 mm (3 in.) diameter porous stone 
was placed into the center of a plastic two liter beaker.  A second, 63.5 mm (2.5 in.) diameter 
porous stone with a filter paper was then placed on top of the 76.2 mm (3 in.) diameter porous 
stone.  Next, a 152.4 mm (6 in.) tall consolidation ring was placed on the 76.2 mm (3 in.) 
diameter porous stone so that the 63.5 mm (2.5 in.) diameter porous stone sat inside the bottom 
of the ring.  This porous stone, inside the bottom of the ring, prevents slurry from extruding out 
of the bottom of the ring.   
Slurry was then loaded into the ring in a similar fashion to how it was loaded for the 
consolidation tests described in Nugent et al. (2011b).  Once the ring was full, the top surface of 
the slurry was flattened using a straightedge.  The slurry was first stiffened by applying a 23.94 
kPa (500 psf) load for 24 hours, and then the stiffened slurry was loaded to 71.82 kPa (1500 psf) 
and consolidated until the specimen reached the end of primary consolidation.  Figure 7.1 
provides images of the setup specimen preparation apparatus. 
    
 
Figure 7.1: Images of the triaxial specimen preparation apparatus. 
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7.2.2  Triaxial Test Apparatus and Methods 
After a specimen was prepared, it was extruded from the ring and trimmed into a 35.56 
mm (1.4 in.) diameter and approximately 58.4 mm (2.3 in.) tall cylinder.  Figure 7.2a shows a 
representative specimen after trimming.  This resulted in a cylinder with a height to diameter 
ratio of about 1.64, which is slightly smaller than the ASTM recommended ratio of between 2 to 
2.5.  The reason the specimens were somewhat short is because a smaller consolidation load 
would result in specimens that were too soft to be handled, and a lower water content initial 
slurry would trap air bubbles.  Next, this cylinder was loaded into a triaxial cell with four 6.35 
mm (0.25 in.) wide filter paper strips along the perimeter of the specimen to accelerate 
consolidation and equalization of pore water pressures during shearing.   
   
Figure 7.2: Images of a representative triaxial specimen (a) after trimming (ruler scale in 
centimeters) and (b) after shearing (ruler scale in inches). 
 
Before the test was initiated, a 20.68 kPa (3 psi) membrane seating stress was applied.  
Also, a 344.74 kPa (50 psi) backpressure was administered to insure saturation.  Backpressure 
was applied until the measured B-value was 0.98 or greater.   
For all tests except for the 3.31 overconsolidation ratio (OCR) kaolinite only test, K0 
consolidation was used to consolidate the specimen to an axial load of about 137 kPa, and either 
a 50 kPa or a 64 kPa axial load was used to unload the specimen depending on the OCR desired.  
a) b) 
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The 3.31 OCR kaolinite only test was consolidated to 89.8 kPa and unloaded to 27.1 kPa.  Axial 
strain rates of 0.1%/hr. were used for the consolidation and unloading of all specimens.  The low 
loads that were used produce conditions more similar to those found in Louisiana wetlands.  
After both the loading and the unloading consolidation stages, the specimen was allowed 
to creep for at least 12 hours.  Finally, the specimen was sheared using undrained compression 
with a constant cell pressure, increasing axial load, and an axial strain rate of 0.5%/hr to a 
maximum axial strain of 15%.   
After the test, the data was analyzed according to ASTM D 4767 (ASTM 2006) with 
appropriate membrane and filter paper corrections applied.  MIT stress paths were calculated 
using the following equations: 
      
  
    
 
 
    
  
    
 
 
         (Eqs. 7.1 and 7.2) 
where σ1′ is the effective axial stress, σ3′ is the effective radial stress, p′ is the MIT mean 
effective stress, and q is the MIT maximum shear stress.  Note that the sign of q indicates how 
the specimen is sheared.  A positive q means shearing through compression, while a negative q 
designates extension.  The absolute value of q provides the maximum shear stress applied 
through the loading conditions. 
Cam clay stress paths were calculated with the following equations: 
        
  
  
     
 
 
         
    
          (Eqs. 7.3 and 7.4) 
where pcam′ is the Cambridge effective mean stress and qcam is the Cambridge deviator stress. 
SHANSEP models (Ladd and Foott 1974) were fitted for kaolinite on its own and for 
0.0050 Rbm mixtures, and the kaolinite SHANSEP model was used to produce shear strength 
values for comparison against the other guar gum and clay tests.  Specifically, the OCR of each 
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guar gum and kaolinite mixture was used in the kaolinite SHANSEP model to normalize the 
su/σvo′ ratio of each test.  The SHANSEP model uses the following relationship:  
 
  
   
   (   )
  (Eq. 7.5) 
where su is the undrained shear strength, σvo′ is the initial, pre-shear vertical stress, OCR is the 
overconsolidation ratio, and S and m are constants for the clay.   
Modified Cam clay models (Roscoe and Burland 1968) were also used to try to describe 
the kaolinite only results.  The modified Cam clay model uses an elliptical yield locus described 
by the following equation: 
  
    
 
     
  
  
   (        
 ⁄ )
  (Eq. 7.6) 
where p′cam,o is the reference mean stress for the yield locus and M is the shape factor for the 
Cam clay ellipse.  M was calculated using the critical state friction angle υcs′ calculated from the 
normally consolidated kaolinite only test using the following equation: 
  
       
 
        
            (Eq. 7.7) 
7.3  Results and Discussion 
Table 7.1 provides the Rbm, initial specimen height ho, initial specimen diameter do, initial 
specimen void ratio eo, final specimen void ratio efinal, OCR, σvo′, su, su/σvo′ ratio, axial strain at 
failure εa, fail, compression index Cc, recompression index Cr, and total axial strain after 
consolidation εa, con for every test performed.  All of the tests ended with the specimen 
experiencing bulging failure.  A representative failed specimen is pictured in Figure 7.2b.   
Figures 7.3, 7.4, and 7.5 show the MIT stress path, stress vs. strain curves, and excess 
pore water pressure during shear for the kaolinite only tests, respectively.  The normally 
consolidated kaolinite has a stress vs. strain curve with a peak strength similar to the normally 
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consolidated kaolinite with 4% Portland cement added, which was tested by Trhlíková et al. 
(2009).  Trhlíková et al. (2009) used the cement to simulate the structure found in certain natural clays.  
Structure is the combined effects of fabric, composition, and interparticle forces (Mitchell and Soga 
2005).   
Table 7.1: Summary of data for all triaxial tests performed.  Dash indicates that the value 
was not measured. 
Rbm ho do eo efinal OCR σvo′ su su/σvo′ εa, fail Cc Cr εa, con 
  (mm) (mm)       (kPa) (kPa)   (%)     (%) 
0.0000 59.7 35.6 1.793 1.470 1.00 135.3 31.2 0.2309 0.21 0.7345 - 11.56 
0.0000 61.2 35.6 1.815 1.471 2.69 50.9 26.5 0.5213 1.11 0.7550 0.0207 12.23 
0.0000 58.9 35.6 1.767 1.591 3.31 27.1 20.9 0.7717 0.71 0.6811 0.0162 6.38 
0.0025 63.2 35.6 1.827 1.547 2.73 50.2 29.7 0.5920 1.77 0.6247 0.0239 9.88 
0.0050 58.2 35.6 1.696 1.440 1.00 138.7 35.4 0.2552 0.44 0.5185 - 9.49 
0.0050 62.0 35.6 1.709 1.470 2.18 63.9 32.1 0.5024 0.84 0.5305 0.0210 8.82 
0.0050 61.2 35.6 1.763 1.515 2.76 49.2 30.8 0.6253 2.29 0.5789 0.0215 8.97 
0.0075 59.2 35.6 1.672 1.438 2.73 50.5 28.8 0.5705 1.86 0.4828 0.0237 8.78 





































   
 
Figure 7.4: Stress vs. strain curves for tests performed on just kaolinite by OCR. 
 
 










































































   
The normally consolidated kaolinite stress vs. strain curve also follows the shape 
predicted by Baudet and Stallebrass (2004) for a structured normally consolidated clay that 
rapidly destructures after reaching peak strength.  This suggests that the kaolinite possesses a 
form of structure that is readily destroyed by shear, and this leads to the reduction in q seen in 
Figure 7.4.  The stress vs. strain curves do not level off since the maximum strain tested was not 
large enough to let the kaolinite reach critical state. 
Further, the overconsolidated tests show local excess pore water pressure peaks just 
before failure, which is behavior also found in the low confining stress triaxial tests performed 
by Guanghui (2010).  Zhu and Yin (2000) performed CIUC triaxial tests on a marine clay using 
different strain rates during shear.  At higher strain rates, the excess pore water pressure creates a 
similar shape that is absent at the slowest strain rate.  Thus, the local peak is a strain rate effect 
that would likely not be present if a slower strain rate were used.  Zhu and Yin (2000) also found 
that the marine clay did not exhibit any dilative behavior until an OCR of four.  The kaolinite 
used in these tests displays equivalent behavior, which suggests that the kaolinite is still only 
lightly overconsolidated at an OCR of 3.31 or less. 
Determination of the SHANSEP constants is shown in Figure 7.6 with values of 0.2267 
for S and 0.9489 for m and a model R
2
 of 0.9740.  Using the data from the normally consolidated 
test, υcs′ was calculated to be 17.42°, and the modified Cam clay M was 0.6653.  However, the 
modified Cam clay model does not successfully predict the loose sand style behavior and local 
excess pore water pressure peaks previously described.  Further, the Cambridge stress paths for 
the overconsolidated tests in Figure 7.7 move to the left after failure instead of the rightward 
movement towards the critical state line predicted by the model.  Since the behavior of the 
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kaolinite is inadequately described by the modified Cam clay model, it was not used for 
modeling the other tests involving guar gum and kaolinite mixtures. 
 




Figure 7.7: Cambridge stress paths and modified Cam clay predicted yield loci for tests 
performed on just kaolinite by OCR. 
su/σvo′ = 0.2267(OCR)
0.9489 
R² = 0.974 
su/σvo′ = 0.2548(OCR)
0.8798 
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OCR = 3.31 Yield Locus
Critical State Line
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MIT stress paths, stress vs. strain curves, and excess pore water pressure during shear 
graphs are provided for the 0.0050 Rbm mixtures in Figures 7.8, 7.9, and 7.10.  Determination of 
SHANSEP constants is also shown in Figure 7.6 with values of 0.2548 for S and 0.8798 for m 
and a model R
2
 of 0.9999.   
In general, the behavior of the guar gum and kaolinite mixtures was similar to the 
behavior of the kaolinite on its own.  The normally consolidated shear strength of the 0.0050 Rbm 
mixture was improved by 12.4%.  This is demonstrated by the increase in the S constant.  
However, the improvement in shear strength due to overconsolidation was reduced.   
One major deviation from the kaolinite only tests is the lack of decay in q as axial strain 
increases in Figure 7.9.  This behavior was also predicted by Baudet and Stallebrass (2004) for a 
structured clay that strongly resists destructuring after reaching peak strength.  This suggests that 
guar gum reinforces the structure of the kaolinite across the strains tested. 
Stress paths for the kaolinite only, 0.0025 Rbm, 0.0050 Rbm, 0.0075 Rbm, and 0.0100 Rbm 
tests with OCR of approximately 2.7 are shown in Figure 7.11.  Stress vs. strain curves for these 
same tests are shown in Figure 7.12.  Figure 7.13 illustrates the excess pore water pressure 
during shear for these tests, as well.   
Just as the highly linked clay-polymer network in 0.0050 Rbm guar gum mixtures 
increased their consolidation stiffness (Nugent et al. 2011b), the triaxial tests show that the 
undrained shear strength of the 0.0050 Rbm mixtures is increased by 12.5% for normally 
consolidated clay, 5.9% for 2.21 OCR clay, and 5.3% for 2.76 OCR clay when compared against 
the SHANSEP predicted strength of the kaolinite alone.  Further, the Cc results from the triaxial 
tests reflect the same pattern of improvement demonstrated in Nugent et al. (2011b). 
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Figure 7.10: Excess pore water pressure during shear for tests performed on 0.0050 Rbm 










































































   
 
Figure 7.12: Stress vs. strain curves for tests performed on 2.7 OCR specimens by Rbm. 
 
 
Figure 7.13: Excess pore water pressure during shear for tests performed on 2.7 OCR 













































































   
As suggested in Nugent et al. (2011b), at 0.0050 Rbm, the guar gum should be able to 
establish hydrogen bonds between kaolinite particles that would otherwise not interact, raising 
the shear resistance of the mixture by acting as a kind of cement.  However, as the guar gum 
concentration increases, strands of guar gum begin to displace kaolinite particles.  As the shear 
resistance is largely the result of friction between clay particles in direct contact, replacing these 
direct kaolinite particle contact points with kaolinite to guar gum contacts appears to reduce the 
friction generated and the overall shear resistance.  This is demonstrated by the 3.0% reduction 
in undrained shear strength of the 0.0075 Rbm mixture and the 10.7% reduction of the 0.0100 Rbm 
mixture when compared against the SHANSEP predicted strength of the kaolinite on its own. 
Combining the improvement effect from hydrogen bonding with the detrimental effects 
of kaolinite particle displacement results in the downward inflected quadratic shape that is seen 
in Figure 7.14.  When normalized based on the kaolinite only values, su/σvo′ ratio and the inverse 
of Cc reflect a similar pattern of improvement due to the addition of guar gum.  This pattern 
suggests that similar mechanisms are acting on both the stiffness and shear strength.  However, 
further testing is needed to better develop the relationship.  
The liquid limit results from Nugent et al. (2009) suggested that as the biopolymer 
concentration increases, the dynamic viscosity of the biopolymer solution in the clay pores 
increases,  and  the  shear  resistance  of  the  mixture  should  increase,  as  well.   However, this 
assertion is contradicted by the triaxial test results.  Since the shear resistance of a viscous fluid 
is a function of the rate of strain, viscosity effects of the biopolymer solution become more 
important for rapidly applied loads.  A Casagrande cup, which was used by Nugent et al. (2009) 
to measure liquid limits, applies rapid impact loads on fine-grained sediment, while the triaxial 
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tests applied a significantly slower rate of strain.  This slower shearing made viscosity effects 
negligible. 
 
Figure 7.14: Normalized Cc
-1
 and su/σvo′ ratios vs. guar gum concentration.  Three Cc
-1
 
values are adapted from Nugent et al. (2011b). 
 
7.4  Practical Applications 
 Previous studies by Nugent et al. (2010; 2011a; 2011b) have shown that biopolymer 
amendment will improve the erosional resistance and reduce the compressibility of kaolinite.  
These studies suggest that guar gum added to hydraulically pumped dredged sediment could 
potentially improve resistance to erosion and subsidence in wetlands, while likely minimizing 
environmental damage.  Guar gum’s non-toxicity also allows plant growth that greatly stabilizes 
the soil (Wallace 1986).  Results from this study demonstrate that undrained shear strength is 






















Biopolymer Mass Ratio Rbm 
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Further, the concentration that minimizes compressibility approximately corresponds 
with the concentration that maximizes improvement in the undrained shear strength.  However, 
the improvement in shear strength was meager and comes at the cost of reducing the strength of 
the clay at high overconsolidation ratios.  For the purpose of wetland restoration, guar gum 
concentrations that reduce subsidence will likely provide a small boost in the undrained shear 
strength of normally consolidated and lightly overconsolidated sediment.  However, this 
improvement should be assumed to not occur in the interest of conservative design. 
7.5  Conclusions  
In an effort to find the influence on undrained shear strength of a mixture caused by 
biopolymer and clay interactions, triaxial tests were performed on a kaolinite clay.  This clay had 
differing concentrations of the EPS analogue guar gum, which is a plant polysaccharide that is 
electrostatically neutral.  The following conclusions for guar gum and kaolinite mixtures can be 
made from the results of the tests:  
 For normally consolidated and lightly overconsolidated material, kaolinite and guar gum 
form a hydrogen bonding network that at lower concentrations increases undrained shear 
strength by up to 12.5%. 
 At higher guar gum concentrations, kaolinite particles are replaced with guar gum strands 
due to kaolinite particle displacement.  This causes the reduction of shear resistance 
because the coefficient of friction between kaolinite and guar gum contacts are smaller 
than between kaolinite particle contacts.  This reduction in shear resistance is greater than 
increases in shear resistance that is caused by hydrogen bonding at sufficiently high 
concentrations. 
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 Improvement in the undrained shear strength of the kaolinite and guar gum mixtures 
roughly follows the same trend of improvement in the compressibility of the mixtures 





   
CHAPTER 8.  EMPIRICAL MODELING OF THE IMPROVEMENT IN 
COMPRESSIBILITY AND UNDRAINED SHEAR STRENGTH DUE TO 
EXOPOLYMER ADDITION 
 
8.1  Introduction 
 With the quantity of data provided by Chapters 5, 6, and 7, it is possible to develop an 
empirical model that ties together the results from the low concentration guar gum tests.  Since it 
is the low concentration guar gum mixtures that consistently show improvement in stiffness and 
shear strength, the empirical behavior of these mixtures is of greatest interest to practicing 
engineers.  This investigation involves combining previous Cc, Cr, S, and su/σvo′ ratio values with 
additional Cc, Cr, and S results to find relationships between the enhancement of stiffness and 
shear strength and the concentration of guar gum.  The model produced will allow calculation of 
the optimum biopolymer concentration for soil improvement.  It will also be possible to estimate 
the changes in hard and expensive to measure properties by using results from easier and cheaper 
tests. 
8.2  Materials and Methods 
For the additional consolidation and direct shear tests, the kaolinite and guar gum that 
were described in Chapters 5, 6, and 7 were used.  The procedures for the additional tests and the 
empirical modeling are described in the following sections. 
8.2.1  Consolidation Test Method 
 Additional consolidation data were gathered to provide more points for the empirical 
model.  The consolidation tests were performed primarily using the methods described in 
Sections 5.2.3 and 5.2.4.  Concentrations of 0.0025, 0.0050, 0.0075, and 0.0100 Rbm guar gum 
were used along with an extra kaolinite only test.  A loading schedule of 23.94 kPa (500 psf), 
47.88 kPa (1000 psf), 100 kPa (2088.6 psf), 191.52 kPa (4000 psf), 383.04 kPa (8000 psf), 
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191.52 kPa (4000 psf), 95.76 kPa (2000 psf), 191.52 kPa (4000 psf), 383.04 kPa (8000 psf), and 
766.08 kPa (16000 psf) was used to determine both the normal compression index Cc and the 
recompression index Cr.  Data for each load increment was analyzed using the log-time method. 
8.2.2  Direct Shear Test Method 
 Further additional data for the empirical model were collected by performing more direct 
shear tests.  Again, the tests were largely performed according to the procedure described in 
Chapter 6.  Four concentrations, kaolinite only, 0.0025 Rbm, 0.0050 Rbm, and 0.0075 Rbm, were 
tested.   
For each concentration, the slurry was loaded into the direct shear machine and stiffened 
at 23.94 kPa (500 psf).  Then it was consolidated to either 100 kPa (2088.6 psf), 119.70 kPa 
(2500 psf), 143.64 kPa (3000 psf), 167.58 kPa (3500 psf), or 191.52 kPa (4000 psf).  Once the 
clay reached the end of primary consolidation, it was sheared as described in Section 6.2.1.   
The kaolinite only and 0.0050 Rbm mixture also had three additional runs.  The kaolinite 
only had one extra test consolidated to 100 kPa (2088.6 psf) and two consolidated to 119.70 kPa 
(2500 psf).  The 0.0050 Rbm mixture also had one extra test consolidated to 100 kPa (2088.6 psf) 
and two consolidated to 167.58 kPa (3500 psf).   
For each test, the undrained shear strength su was calculated.  The SHANSEP model 
constant S was also calculated for each mixture. 
8.2.3  Empirical Modeling Method 
Empirical relationships between the concentration of guar gum and the compressibility 
and shear strength of a kaolinite and guar gum mixture were created using Statistical Analysis 
Software (SAS).  SAS can rapidly calculate many different forms of empirical equations, such as 
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linear, curvilinear, and polynomial.  Also, SAS can test the terms that make up the equations for 
statistical significance.   
Previous results from stiffness and shear strength testing suggested that there is a critical 
concentration where the improvement produced by guar gum is maximized.  However, the 
compressibility results create a concave upwards curve, while the shear strength results produce 
a concave downwards curve.  Because of this, the inverse of the normal compression index Cc
-1
 
and the inverse of the recompression index Cr
-1
 were used in the model so that both types of 
results would be concave downwards. 
Since the absolute values of the compressibility and shear strength data are quite 
different, they were normalized against the kaolinite only values.  For the triaxial data sets, the 
average of the Cc and Cr for the kaolinite only tests was used for normalization of the 
consolidation data.  The SHANSEP model was used to normalize the shear strength results.  
Values from the kaolinite only data for the consolidation and direct shear tests, described in 
Chapters 5 and 6, were used to normalize those previous test results, and the kaolinite only 
values from the additional tests were used for normalizing the new, additional data.   
All of the results from just kaolinite tests were not averaged together since 
heterogeneities in the bulk kaolinite produce variance in the baseline kaolinite results.  However, 
the improvement in the compressibility and shear strength of the kaolinite due to guar gum 
amendment is the primary interest and should be consistent regardless of the initial kaolinite 
response.  Further, kaolinite heterogeneity effects are controlled over the course of a single test 
set.  This is because the kaolinite for each test in a set comes from approximately the same 
location in the bulk kaolinite bucket. 
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A quadratic polynomial regression was used for model fitting, since it is the simplest 
model that reaches a maximum.  Specifically, the following model was initially fitted: 
                
                         (Eq. 8.1) 
where Y is the normalized compressibility or shear strength value, Rbm is the guar gum 
concentration with an Rbm of 0 indicating kaolinite only, XTriaxial is a flag variable that is 1 for 
triaxial tests and 0 for all other data, XDirect is a flag variable that is 1 for direct shear data and 0 
for other data, and β0, β1, β2, β3, and β4 are regression coefficients.  The statistical significance of 
the overall model and the regressed coefficients was the main means of determining the strength 
of the model. 
8.3  Results and Discussion 
 Table 8.1 contains the results of the additional consolidation and direct shear results.  
Figure 8.1 is the consolidation e versus σvo′ graph, and Figure 8.2 is the direct shear su versus σvo′ 
graph.  Overall, the additional tests behave according to the same pattern of improvement that 
was described in Chapters 5, 6, and 7 with maximum improvement in the compressibility and 
shear strength occurring at 0.0050 Rbm. 
Table 8.1: Additional test results for guar gum and kaolinite mixtures.  Dash indicates that 
the value was not measured. 
 
     
Normalized 
  








 S Normalized S 
0.0000 0.460 0.058 2.172 17.132 1.000 1.000 0.5227 1 
0.0025 0.390 0.051 2.565 19.563 1.181 1.142 0.6062 1.159747465 
0.0050 0.374 0.045 2.672 22.215 1.230 1.297 0.6484 1.240482112 
0.0075 0.451 0.054 2.217 18.379 1.021 1.073 0.6131 1.172948154 
0.0100 0.540 0.089 1.853 11.280 0.853 0.658 - - 
 
 Results for the initial model described by Equation 8.1 are provided in Table 8.2.  The 
residuals  can  be  assumed  to  follow  a  normal  distribution  since  the  Shapiro-Wilk  test has a 
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Figure 8.2: Undrained shear strength vs. pre-shear vertical effective stress for additional 

































































































   
Table 8.2: Results for the empirical models.  D.F. stands for degrees of freedom, and dash 
means not applicable. 
 
 
First Model (Eq. 8.1) Second Model (Eq. 8.2) Third Model (Eq. 8.3) 
 
D.F. Value P-Value D.F. Value P-Value D.F. Value P-Value 
F 4, 40 3.5 0.0153 3, 41 4.78 0.0060 2, 42 5.44 0.0079 
R
2
 - 0.2592 - - 0.2591 - - 0.2059 - 
β0 1 1.037 <.0001 1 1.0365 <.0001 1 1.01517 <.0001 
β1 1 65.83081 0.0024 1 65.82198 0.0021 1 65.65682 0.0026 
β2 1 -6959.81 0.0017 1 -6958.32 0.0015 1 -6866.59 0.0020 
β3 1 -0.09645 0.1038 1 -0.09595 0.0935 - - - 
β4 1 -0.00253 0.9686 - - - - - - 
 
p-value of 0.1426.  Although the overall model p-value is 0.0153, the p-value of 0.9686 for β4 
shows that the direct shear data does not follow a significantly different trend from the 
consolidation data.  Thus, β4 was removed in order to make the following simplified model: 
                
                (Eq. 8.2) 
For this second model, the residuals can be assumed to follow a normal distribution since 
the Shapiro-Wilk test has a p-value of 0.1360.  A 0.0093 decrease in the F statistic p-value 
demonstrated that the model represented by Equation 8.2 is stronger overall compared to the 
initial model.  Figure 8.3 graphs the second model against the data.  Because the p-value for β3 
was not very significant, it was also removed to produce the following third model: 
                
     (Eq. 8.3) 
For this third model, the residuals can be assumed to follow a normal distribution since 
the Shapiro-Wilk test has a p-value of 0.5247.  Removing β3 served to increase the F statistic p-
value instead of decreasing it.  When this is combined with the low, but not significant, β3 p-
value, it appears that the triaxial data should have its own term in the model equation.  
Additional triaxial data would likely provide enough degrees of freedom to make β3 significant. 
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Figure 8.3: Second empirical model plotted against all collected data. 
 
As model two is the most statistically significant of the models developed, it was selected 
as the final model.  The maximum of the model occurs at 0.0047 Rbm, which corresponds well 
with the maximum measured improvement occurring at 0.0050 Rbm in the tests conducted.  
Predicted improvement in direct shear measured S and the inverse of compressibility at the 
model maximum is 19.22% with a standard deviation of 3.58%, and predicted improvement in 
the triaxial measured undrained shear strength at the model maximum is 9.62% with a standard 
deviation of 5.57%.  Note that using the direct shear measured S as an estimate of the increase in 
the undrained shear strength is highly nonconservative. 
 The second model demonstrates two important relationships between the compressibility 
and shear strength of the kaolinite and guar gum mixtures.  First, the maximum in the 
improvement in compressibility and shear strength occurs at the same guar gum concentration.  
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Model for β3 = 0 
Model for β3 = 1  
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shear strength of the mixtures were similar, so it stands to reason that these properties of the 
kaolinite and guar gum mixtures would be maximized at the same concentration.  Second, the 
triaxial measured undrained shear strength will not be increased as much as the stiffness of the 
kaolinite and guar gum mixture.  Thus, using consolidation data to predict the undrained shear 
strength of kaolinite and guar gum mixtures without correction will overestimate the amount of 
shear strength improvement. 
8.4  Practical Applications 
 Performing a battery of triaxial tests to find the optimum concentration of guar gum for 
increasing undrained shear strength would be very expensive and time consuming.  However, the 
empirical model developed in the previous section shows that the optimum concentration of guar 
gum can be determined through a set of 1D consolidation tests, although further testing is needed 
to validate this relationship for real sediments.  1D consolidation tests are faster and less 
expensive than triaxial tests, which makes locating the best concentration of guar gum more 
economical.  Once the optimum concentration is found through the consolidation tests, triaxial 
tests can be performed on mixtures with this concentration to calculate the improvement of the 
undrained shear strength, or the normalized change in shear strength could be calculated by 
reducing the normalized change in the inverse of compressibility by 0.0962, as suggested by the 
model.   
On the other hand, assuming that the shear strength is unchanged is more conservative.  It 
is also a better choice given the high variance of the results and meager improvement in shear 
strength demonstrated in the triaxial results.  Although direct shear tests can be used to get the 
optimum concentration, the increase in shear strength measured by direct shear tests is very 
nonconservative compared to values measured by triaxial tests. 
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 Based on the model developed, the following procedure for finding the optimum 
concentration is recommended: 
1. Run consolidation tests on a set of mixtures with 0.000, 0.002, 0.004, 0.006, 0.008, 
and 0.010 Rbm guar gum. 
2. Plot Cc versus Rbm and check that the points form a minimum within the range of 
concentrations tested.  If the points do not reach a minimum, run additional tests on 
mixtures with higher concentrations until a minimum is found. 
3. Fit a quadratic regression equation to the points in the plot made in step two.  
Calculate the minimum of this equation to find the optimum concentration. 
4. Perform additional consolidation tests at and around this optimum concentration, if 
desired. 
8.5  Conclusions 





shear calculated S, and su/σvo′ ratio values from triaxial tests was determined for low 
concentration guar gum and kaolinite mixtures.  Low concentration guar gum mixtures were the 
focus because practicing engineers would be most interested in the empirical behavior of clay 
and biopolymer mixtures that produce improvements in compressibility and shear strength.  
Based on the empirical model developed, the following conclusions can be made: 
 A quadratic regression equation readily fits the pattern of improvement in compressibility 
and shear strength created by guar gum at low concentrations. 
 Both the compressibility and shear strength reach a maximum in improvement at the 
same guar gum concentration. 
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 Compressibility and shear strength have the same optimum concentration because the 
same mechanisms act on both. 
 The 9.62% normalized improvement in the undrained shear strength at the optimum guar 
gum concentration is not as great as the 19.22% normalized improvement in the inverse 
of compressibility.  Assuming the improvement in undrained shear strength will be the 
same as the improvement in compressibility will result in significant nonconservative 
errors.  
117 
   
CHAPTER 9.  CONCLUSIONS AND RECOMMENDATIONS 
9.1  Conclusions 
 Casagrande cup, CSM, 1D consolidation, direct shear, and triaxial tests were performed 
on mixtures of kaolinite and two exopolymer analogues.  These were guar gum, a neutral plant 
derived biopolymer, and xanthan gum, a negatively charged bacterial exopolymer.  To perform 
these tests, methods for mixing and storing kaolinite and biopolymer mixtures were developed, 
and biopolymer mass ratio, or Rbm, was created to usefully describe the concentration of clay and 
biopolymer mixtures.  SHANSEP and empirical models were applied to the results from 
previous tests.  From this work, the following overall conclusions can be made: 
 Guar gum forms an extensive hydrogen bonding network when mixed with kaolinite.  
This hydrogen bonding network induces the improvement that is seen in compressibility, 
shear strength, and erosional resistance. 
 Although xanthan gum possesses the hydroxyl groups needed to form an extensive 
hydrogen bonding network, its negative charge repels negatively charged kaolinite 
particles and prevents the formation of a hydrogen bonding network in cation poor 
environments.  As a result, kaolinite and xanthan gum mixtures without background 
cations do worse than kaolinite and guar gum mixtures in the tests performed. 
 Adding background cations to xanthan gum and kaolinite mixtures balances electrostatic 
repulsion and can create cross-links.  Substantial increases in liquid limits and erosional 
resistance result, compared to xanthan gum and kaolinite mixtures without background 
cations. 
 For tests that rapidly deform kaolinite and biopolymer mixtures, such as Casagrande cup 
and CSM tests, increases in pore fluid viscosity result in increases in liquid limits and 
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erosional resistance because a rise in the pore fluid viscosity provides an improvement in 
the shear resistance of the pore fluid, and this leads to greater shear resistance of the 
overall material. 
 Other tests that involve very slow deformation, like 1D consolidation, direct shear, and 
triaxial tests, do not display a significant pore fluid viscosity effect.  Since fluid shear 
resistance is a function of both viscosity and the strain rate, tests that create rapid 
movement cause a significant viscous resistance effect. 
 Tests with slow strain also show reductions in stiffness and shear strength at high 
biopolymer concentrations due to biopolymer displacement of kaolinite. 
 Normalized improvement in the shear strength and the inverse of compressibility of low 
concentration guar gum and kaolinite mixtures both form concave down parabolas when 
plotted against biopolymer concentration.  The maximums of these parabolas occur at the 
same biopolymer concentration because the same mechanisms act on both 
compressibility and shear strength. 
9.2  Practical Applications 
 Subsidence and erosion are major threats to Louisiana wetlands.  Hydraulically pumped 
dredging is a common way to rebuild wetlands lost, but hydraulically pumped dredged sediment 
lacks the plant growth that provides significant improvement in erosional resistance and shear 
strength when initially deposited.  The biopolymers tested in this dissertation are both able to 
significantly increase erosional resistance of kaolinite, and guar gum was demonstrated to be 
able to reduce compressibility and increase the undrained shear strength of both normally 
consolidated and lightly overconsolidated kaolinite.  Thus, guar gum and xanthan gum that are 
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added to hydraulically pumped dredged sediment have the potential to improve resistance to 
erosion in wetlands, and guar gum is likely to reduce subsidence.   
Both of these biopolymers are non-toxic, so they should not prevent plant growth that 
produces significant and long-term erosional resistance, and they should not have significant 
negative effects on wildlife.  However, additional testing on real wetland sediments is needed to 
confirm the benefits suggested by this study.  Even if the biopolymers degrade and do not 
produce long-term improvement, stabilizing the sediment in the short term to allow plants to 
establish themselves will increase the efficiency of marsh restoration efforts.  Both biopolymers 
can easily be added to the sediment through a hydraulic dredge’s slurry pump, where it can be 
completely mixed with the sediment by the turbulence of the slurry output pipe. 
While the greatest improvement in compressibility and undrained shear strength occur at 
a relatively low concentration of guar gum, the greatest improvement in erosional resistance 
occurs at a high concentration.  During dredging, the concentration of guar gum added could be 
kept low until the deposit area is almost filled.  Guar gum concentration could then be increased 
to provide a high erosional resistance surface layer that protects the rest of the sediment from 
erosive flows. 
9.3  Recommendations for Future Research 
 Although the results for kaolinite provide a starting point for studying how exopolymers 
change the compressibility and shear strength of clays, there is still plenty of additional research 
needed.  Investigating how exopolymers effect field collected wetland sediment would provide 
better estimates for the amount of improvement in compressibility and shear strength that could 
be produced in the field.  Repeating the tests in this dissertation on other clays, such as bentonite, 
and on other biopolymers, such as chitosan, would help fill in the range of exopolymer and clay 
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interactions.  These additional tests on other clays should especially focus on material 
representative of coastal sediments.  Running 1D consolidation, direct shear, and triaxial tests on 
xanthan gum and kaolinite mixtures with background cations would also produce results that 
would better match the results expected for field application, since natural sediments would not 
be as cation poor as pure kaolinite mixed with DI water.  Testing the speculative mechanisms 
proposed would reinforce the science behind the effects described in this work and pave the way 
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